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Abstract 
Artificial joints restore function which has been impaired due to disease, trauma or genetic conditions. 
Although many prostheses function satisfactorily for the lifetime of the patient, in some cases failure 
occurs due to wear of the bearing surfaces. To assess the wear life of artificial joint systems extensive 
testing in simulators is performed, yet there are discrepancies between the predicted performance 
and wear experienced in vivo.  
The lubricant used in simulators has a different chemical composition to synovial fluid. As the 
composition affects the performance of a lubricant, specifying a model fluid closer to synovial fluid will 
improve simulator testing, and consequently joint design. The difficulty in specifying a model fluid is 
that it is not fully understood which elements of synovial fluid determine the lubrication performance. 
This thesis aims to develop an understanding of how model synovial fluids can provide boundary 
lubrication in artificial joints. Static and dynamic measurements are used to reconcile the adsorption 
and lubrication behaviour of synovial fluid proteins and lipids. The boundary lubrication of both current 
prosthesis materials and cutting-edge artificial cartilage materials is considered. 
Static tests show changes to adsorbed films dependent on surface interactions, pH and interactions 
between proteins and lipids. This affects the hydration and macromolecular content of adsorbed 
layers, which impacts on the layer properties. Under loading and shear pH and macromolecule 
interactions govern the formation of lubricating films, through both adsorption and the formation of 
thicker, aggregated films. Adsorbed film properties were strongly correlated with the lubricating film 
thickness for protein solutions, but affected by structural changes for solutions containing lipid 
vesicles. Comparing the lubrication of current and cutting-edge materials shows that the permeability 
of the surface influences the active lubrication mechanisms. Based on the findings of this work, 
recommendations for the composition of model synovial fluids are made.  
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1 Introduction 
 
1.1 General introduction 
Despite years of study, engineers have still not been able to replicate the exceptional tribological 
performance of the human synovial joint. Replacement joints are still susceptible to wear, which limits 
the lifespan of hip replacements to 20 years in the best circumstances [1]. With increasing numbers of 
joint replacements in younger and more active patients, the level of revision surgeries has continued 
to rise [2]. Developing low wear, long life systems is becoming increasingly important and yet, there is 
still a gap between predicted performance based on in vitro testing, and the actual performance of 
new joints in vivo [3].  
The tribological performance of artificial implants in use today has been extensively tested in vitro in 
joint simulators [4].  Hip and knee simulators replicate the complex loading and kinematic conditions 
experienced by implants during the gait cycle.  These tests are typically run for many millions of 
cycles and the cumulative wear is measured at the end of the test.  This type of testing has driven the 
development and validation of new implant designs [5–7].  However there are significant flaws in this 
type of testing. One of the most important is the choice of test fluid.   Synovial fluid (SF), which is the 
natural joint lubricant is not available in the large volumes needed for these tests [8]. In its place the 
ISO standard specifies a dilution of Bovine Calf Serum (BCS) [4]. This will have a similar overall 
protein level to synovial fluid but not the same particular protein content, or any of the 
macromolecules secreted in the synovial cavity. These differences have been shown to affect the 
amount, size and morphology of wear particles and may contribute to the gap between predicted and 
actual performance of hip prosthesis [8,9]. It follows that the development of a model fluid with a 
composition and performance closer to synovial fluid would improve in vitro testing. 
The difficulty in specifying an alternative lubricant to SF for in vitro testing is related to the discussion 
that is still on-going regarding SF lubrication. The majority of wear in artificial joints occurs in the 
boundary lubrication regime, when the surface asperities come into contact [10]. In this regime 
protection against wear is classically thought to be provided by adsorbed or reacted surface layers 
derived from SF molecules. To specify a model fluid that replicates this behaviour we need to 
understand how this natural protection works. SF boundary lubrication is a complex phenomenon and 
although studied for many years the following questions still remain unanswered: 
 How do boundary films form? 
 What is the chemical composition of SF boundary films? 
 How do they provide surface protection and load carrying? 
 How stable are boundary films? 
 What causes boundary films to break down? 
A significant barrier to answering these questions is the complexity of synovial fluid (SF). SF is a 
solution of proteins, glycoproteins, lipids, salts and hyaluronic acid. Which of these species is involved 
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in boundary lubrication is still debated extensively in the literature [11,12], although a growing body of 
work suggests it is the synergy of SF macromolecules that govern the lubrication performance [13–
15]. Changes in protein ratios, combinations of HA and proteins, and proteins and lipids all show 
different lubrication performance, highlighting the need to study synovial fluid macromolecules as a 
system to capture the interactions between the macromolecules. 
There are several friction and wear studies that examine the boundary lubrication performance of 
BCS, protein solutions and other model synovial fluids. It is often assumed the friction and wear 
performance is related to adsorbed films [16–18]. Numerous adsorption studies have shown synovial 
fluid macromolecules will adsorb on prosthesis surfaces under static conditions [19,20], and 
examination of surfaces after testing have shown macromolecules present on dried surfaces [18,21]. 
If adsorbed layers do indeed provide lubrication in artificial synovial joints, understanding the 
properties of these films will provide insight into any mechanism by which they might improve wear 
protection. 
However, adsorbed layers have been shown to be easily removed from artificial joint materials during 
sliding [20], and other evidence suggests changes in synovial fluid rheology may be responsible for 
the formation of boundary films [14,22,23]. In this case it is the dynamic conditions of the joint that 
dominate the boundary lubrication performance. To truly understand these boundary films studies 
should be conducted under similar conditions of shear, pressure and load. 
A further question which should be considered is how, if at all the static and dynamic boundary films 
are related? This can only be done by comparing measurements of the same systems under the 
different experimental conditions.  
Looking to the future of the field, there is considerable interested in delaying total joint replacement by 
repairing localised cartilage damage with either artificial cartilage or cartilage scaffolds [24–27]. 
Artificial cartilage looks to replicate natural cartilage function permanently, whilst scaffolds temporarily 
replace the damaged tissue and function as a replacement joint surface whilst allowing new cartilage 
to form. These materials have been optimised for mechanical properties but there is limited research 
on the frictional or wear response of these new materials [28,29], or how they might be lubricated by 
synovial fluid. The boundary film formed on these soft, porous and hydrated materials are likely to be 
quite different to those formed on current hard prosthesis materials. Understanding the boundary 
lubrication performance of these materials in these early development phases can only increase the 
chances of clinical success.  
Overall this thesis examines the boundary lubrication performance of model synovial fluids, 
considering their content, structure and interactions with both current prosthesis materials and cutting-
edge artificial cartilage materials. 
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1.2 Research objectives 
This thesis aims to develop an understanding of how model synovial fluids can provide boundary 
lubrication in artificial joints. This study combines static and dynamic measurements in an attempt to 
reconcile adsorption and lubrication behaviour of synovial fluid macromolecules. 
The specific objectives of this study are: 
To investigate how the macromolecule content, solution properties and structure of model synovial 
fluids affect surface adsorbed layers in static conditions. 
To investigate how boundary lubricating films formed under dynamic conditions are affected by the 
macromolecule content, solution properties and structure of model synovial fluids. 
To understand the relationship between adsorbed, dynamically formed and boundary lubricating films.  
To investigate how SF macromolecules interact and the implications this has on the formation and 
stability of boundary lubricating films. 
To investigate the role of the substrate and surface properties in lubrication by model synovial fluids, 
in particular to compare current hard prosthesis materials and cutting-edge artificial cartilage 
materials. 
1.3 Thesis outline 
Chapter 2 starts with a description of the lubrication regimes and accepted roles of boundary 
additives. The content of synovial fluid is explained with detailed descriptions of the macromolecules 
thought to be the active boundary lubricants. The lubrication performance of fluids based on both their 
content and structure is reviewed. An introduction to current materials used for joint prosthesis, and 
future materials used to treat damaged joints is given. Finally the effect of experimental conditions on 
boundary film formation is discussed. 
The static behaviour of several model fluids is investigated in Chapter 3 using a Quartz Crystal 
Microbalance (QCM). A range of fluids are used to highlight the effects of buffer solutions, 
macromolecule content and structure of model synovial fluids on the properties of statically adsorbed 
layers. This chapter also looks at the effect of surface on the stability of the adsorbed layer. In 
Chapter 4 fluorescence imaging is used to complement the QCM investigation of adsorbed films.  
Using fluorescently labelled proteins and lipids, the structure and heterogeneity of the adsorbed films 
is investigated. Using intensity measurements, the adsorbed protein mass from different model 
synovial fluids is quantitatively compared. Evidence is gathered to support the interpretation of the 
results from chapter 3 regarding competition between SF species. 
In Chapter 5 a selection of the model fluids previously tested are explored under dynamic conditions. 
The effect of macromolecule content and structure of the model SF on the formation of boundary films 
under shear and load is investigated. Both the average thickness and the distribution of the film are 
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studied using optical interferometry measurements and imaging techniques. Sequential tests of 
solutions are conducted to look at the effect of adsorbed layers and the competition between SF 
macromolecules. The results for chapter 5 are discussed in light of the static results from chapters 3 
and 4. 
The boundary lubrication of a cutting edge scaffold material is investigated in Chapter 6. A range of 
structures are developed to replicate mechanical properties of articular cartilage. The structure is then 
optimised for frictional performance using the previously investigated model SF. The frictional 
performance is discussed in light of boundary film formation, considering both the static and dynamic 
boundary films. 
In Chapter 7 the results from this work are discussed in terms of how they advance current 
understanding of protein and lipid lubrication mechanisms. Implications of this work for the 
specification of model synovial fluids are discussed covering both formulation and screening methods. 
The development of future prosthesis materials in light of the findings on lubrication is also 
considered. Finally Chapter 8 draws together the achievements and conclusions of this study 
followed by suggestions for future work in the area. 
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2 A Literature Review of the Boundary Lubrication of Artificial 
Joints 
 
This chapter reviews boundary lubrication of artificial joints, starting with an overview of lubrication 
regimes and accepted roles of boundary additives. A brief description of synovial fluid is given, with 
the focus on the macromolecules thought to contribute to artificial joint lubrication. Model synovial 
fluids used in previous works are reviewed considering their content and structure, and the impacts on 
lubrication. The properties of materials currently used for joint prosthesis, and future materials used to 
treat damaged joints is given. Finally the impacts of the experimental method on the formation and 
properties of adsorbed and boundary films are discussed. 
2.1 Lubrication regimes 
The tribological performance of a system is measured in terms of friction and wear. High friction is 
related to energy losses, and excessive wear causes a loss of performance or early failure. Efficient 
lubrication will improve performance by optimising either friction or wear, or both of these parameters. 
The classical lubrication mechanisms that act in conventional bearing systems are: boundary, mixed, 
elastohydrodynamic and hydrodynamic [30]. Which regime a system operates in is a result of the 
different operating conditions, contact pressures and material and lubricant properties [10].  
2.1.1 Hydrodynamic and Elastohydrodynamic Lubrication 
During hydrodynamic lubrication bearing surfaces are fully separated by a fluid film. Pressure is 
generated in the fluid film as a result of the sliding speed and the convergent surface geometries. The 
fluid pressure supports the surfaces so that the friction in this regime is very low. During 
Elastohydrodnamic Lubrication (EHL), the surfaces are still fully separated by a fluid film, but 
substantial deformation of the contact surfaces occurs. The thickness of the fluid film for both hydro- 
and elastohydrodynamic lubrication can be predicted based on the bulk properties of the fluid, 
assuming the fluid is isoviscous and formed of a single phase. In both natural and artificial joints, the 
sliding speed is low and motion is intermittent, preventing sustained hydro- or elastohydrodynamic 
lubrication [31].  
 
2.1.2 Boundary and mixed lubrication 
In the boundary lubrication regime the bulk fluid no longer forms a film thick enough to separate the 
bearing surfaces. The surface asperities come into contact, so that the applied load is transmitted 
between the asperities. This can generate high levels of friction and wear. In mixed lubrication part of 
the load is supported by the fluid film and part by the contacting surface asperities.  
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the film thickness. From measurements of film thickness Myant and Cann [22], Dowson et al. [34] and 
Vrbka et al [23] have all shown thick films to be formed under low speed conditions, where boundary 
films are classically predicted. This highlights the difficulty in modelling and predicting the complex 
solution properties of SF.  
2.1.3 Biphasic lubrication 
In natural joints, boosted [35], weeping [36] or biphasic lubrication [37] may further increase the fluid 
film thickness, so that the joints can function in the elastohydrodynamic or hydrodynamic regimes 
[33]. Boosted, weeping and biphasic lubrication are specific to cartilage. These mechanisms are 
dependent on the biphasic and porous nature of the material, and are related to the flow of 
pressurised interstitial fluid that occurs under load and shear [38]. However, under constant load, as 
experienced during sitting or standing the fluid is not sustained and the joint is still predicted to 
operate in the boundary regime [33]. 
2.2 Boundary lubrication mechanisms 
2.2.1 The role of adsorption 
Many boundary lubrication mechanisms are dependent on the adsorption of macromolecules from the 
lubricant. As the process of adsorption is extremely complicated and influenced by many factors and 
only a brief description is given here. The reader is referred to the work of Israelachvili [39] for a 
thorough description of the adsorption process and energetics, and the review paper of Andrade and 
Hlady [40] for a comprehensive review of protein adsorption at solid-liquid interfaces.  
Surface adsorption describes the tendency of an adsorbate (atoms, ions, molecules or 
macromolecules) in a fluid to adhere to a surface. Adsorption is governed by the thermodynamics of a 
system and occurs when the process will reduce the total free energy of the system [39]. Depending 
on the nature of the forces between the adsorbate and the surface adsorption may be classified as 
chemisorption or physical adsorption. Physical (or physisorption) is the result of weak forces, such as 
Van der Waals interactions [39,41]. In contrast, chemisorption is equivalent in energy to the formation 
of a chemical bond between the adsorbate and the solid surface. This type of interaction is both 
stronger, and more specific to the surface and adsorbate [41].  
In biological systems hydrophobic interactions can strongly affect adsorption [42]. Surfaces and 
molecules can be described as hydrophilic where they are attracted to water or hydrophobic where 
they are repelled by water. Exposure of hydrophobic groups to water is energetically unfavourable, 
and so hydrophobic groups will cluster together to minimise their exposure to water [39]. Similarly the 
adsorption of hydrophobic groups to hydrophobic surfaces reduces their exposure to water, and 
minimises the free energy of the system. Amphiphilic molecules have both hydrophilic and 
hydrophobic regions. This can influence the structure of adsorbed layers which can be beneficial for 
lubrication. For example fatty acids from orientated layers at the surface where the hydrophobic tail 
groups are exposed to the oil based lubricant [43]. This forms a confined lubricant layer above the tail 
groups, which has a low shear strength which reduces friction [30]. 
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2.2.2 Classic boundary lubrication mechanisms 
Classic boundary lubrication mechanisms typically involve the formation of a low friction, protective 
surface layer from lubricant additives [30]. The following mechanisms have been reported in the 
literature: sacrificial layer, adsorption lubrication, localised viscosity enhancement and solid lubricants 
[30,44–46]. These mechanisms have mainly been reported for additives in hydrocarbon base oils, the 
typical lubricant in a mechanical system.  
2.1.2.1 Sacrificial layer 
Sacrificial layers are low shear layers that form on the contact surfaces and are easily removed by 
motion. When the surfaces come into contact it is these layers, rather than the underlying material 
that is worn. As the layer is removed, it must be replenished and so the rate of formation is a critical 
factor in the success of this mechanism [30]. This mechanism was first reported for iron sulphide films 
[30] formed from sulphur additives in lubricating oils. Many of these additives react with the underlying 
metal to generate a sacrificial oxide layer. In this case there is a need to balance the rate of film 
formation with the amount of corrosion caused by the additive so that it is not more severe than the 
original wear.  
2.2.2.1 Adsorption lubrication 
Surfactants such as alcohols and fatty acids will adsorb strongly onto metallic surfaces forming a 
monolayer, with a thickness in the order of nanometres [30,47].  These molecules orientate, to form a 
layer of exposed hydrophobic tail groups (Figure 2.2 (b)). The repulsion between tail groups is strong, 
generating a low shear layer between the two surfaces [44,48] . This mechanism, first suggested by 
Bowden and Tabor [43], is enhanced by smooth, compact and laterally cohesive adsorbed layers 
[30,49]. For fatty acids, which are similar to the phospholipids found in SF, the tail length is correlated 
to the effectiveness of the layer [43]. Longer chain length result in lower friction, as a result of more 
lateral interactions between the tails giving improved cohesion of the layer [30]. Straight chains offer 
improved lubrication when compared with branched isomers, as the adsorbed layer is more ordered 
[50]. 
It is worth remembering that in synovial joints the lubricant is water based, and so will the 
mechanisms of lubrication may be different to oil based systems. An example of this as pointed out by 
Klein [51] and others is lubrication with phospholipids. Phospholipids are analogous to the surfactants 
such as oleic acid, added to engine oils [48]. For surfactants low friction is a result of moving the 
shear plane from the surfaces to the interface of the exposed tail groups. Early models for lipid 
lubrication were based on the same principal [52], but  it has since been shown the shear plane is 
between the lipid headgroups and the surfaces not the hydrophobic tails [48]. 
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Table 2.1 The composition of synovial fluid from healthy joints and common diseased sates adapted from Fam et 
al [30]. 
 
 
2.3.1 Hyaluronic acid  
Synovial fluid is a non-Newtonian fluid that exhibits shear thinning behaviour i.e. decreasing viscosity 
with increasing shear rate.  This behaviour is largely determined by the HA component of the fluid 
[60,67]. HA is a polysaccharide, which is produced inside the synovial capsule, and has a 
polydisperse population. In healthy SF the weight average molecular weight (MW) of HA is 6–7 MDa, 
with the majority greater than 4 MDa [58]. Reductions in both the concentration of HA and the MW 
have been shown to change the SF rheology, resulting in reduced viscosity [60]. The HA content of 
SF is reduced in diseased fluids, but in Periprosthetic ﬂuid the HA has a similar MW but reduced 
concentration when compared with the preoperative fluid [60]. 
 
Although early work in the 1950s credited HA with controlling both the lubricating and rheological 
properties of SF, later work disagreed. Studies by [68] showed the destruction of HA using enzymes 
did not change the low friction coefficients experienced in the synovial joints, and interest in other SF 
species as lubricants grew. 
 
2.3.2 SF proteins 
Proteins are by far the most concentrated of the SF species, with a concentration between 10 and 68 
mg/ml depending on the health of the joint [60]. Proteins are macromolecules made up of amino 
acids. The amino acid residues form long polypeptide chains, the length, and number of the which 
varies between proteins [69]. The secondary structure of the proteins described how the chains 
arrange as coiled α-helixes or pleated β-sheets [69]. The coiled and pleated chains then fold to form 
the 3D shape of the protein, known as the tertiary structure or protein conformation [70].A protein that 
has lost its tertiary structure through unfolding is known as a denatured protein. 
The amino acids which form the polypeptide chains have different side chains, which vary in shape, 
charge and hydrophobicity [71]. The charge on individual side chains is dependent on the pH, and the 
pH at which the total protein charge is zero is referred to as the isoelectric point. The conformation of 
a protein is controlled by interactions between the amino acid side chains which can be due to ionic, 
hydrogen bonding, van der Waals forces or hydrophobic interactions [71]. These interactions are in 
turn dependent on the solution environment, including pH and ionic strength [70]. Conformation 
 Healthy Fluid Osteoarthritis RA  
HA MW (MDa) 
HA Concentration (mg/ml) 
6.3-7.6 
0.35-4.22 
1.06-3.48 
0.32-3.61 
3.2-6.8 
0.19-3.74 
Proteins (mg/ml) 10-30 17.0 – 56.8 19.8-66.2 
Phospholipid (mg/ml) 0.13-0.15 0.26-0.98 0.40-1.40 
pH 7.3-7.4 7.5-7.6 [65] 7.1-7.4 [66] 
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changes have been shown to alter the process of protein adsorption  which in turn affects their ability 
to take part in boundary lubrication [16]. 
Whilst there are many proteins in SF, particular attention is given here to albumin and globulin, which 
are the main proteins under investigation in the following work. Albumin and globulin typically account 
for 60-75 % and 15-20% of the synovial fluid proteins respectively [72].  
2.3.3 Albumin 
Albumin is a small, flexible protein, with a MW of 66,500 [73]. It is made up of 585 amino acids, 
formed into three domains [74]. In the literature two models for the normal shape of Albumin exist, the 
first being a prolate ellipsoid with dimensions 14 nm x 4nm, the second a heart shaped structure with 
dimensions 3 x 3 x 8 nm (illustrated in Figure 2.4). The first of these models is derived from physical 
techniques measuring albumin in solution, whilst the second is based on the crystal form. Peters [73] 
suggests this difference could in part be due to the flexibility of albumin allowing it to adopt a different 
conformation when packed tightly in a crystal, or fully hydrated in solution. Human Serum Albumin is 
closely related to Bovine Serum albumin (BSA) in structure, size and composition [73] and so the 
cheaper, more readily available BSA is used for the research in this thesis. 
 
Figure 2.4 Ribbon structure of albumin showing subdomains in different colours. Adapted from [75] 
Albumin alone has been shown to improve the wear of artificial hip joint surfaces including UHMWPE 
and CoCrMo surfaces [17,76,77]. Duong et al. found that an increasing concentration of albumin 
improved boundary lubrication up to a maximum of 30  mg/ml [77], although this is higher than 
generally found in the joint [60].  
Changes in the adsorbed conformation of albumin have been linked with changes in lubrication 
performance [16,76,78] . The adsorbed conformation of albumin is dependent on protein 
concentration [79], electrostatic [80] and hydrophobic interactions [76]. Several studies have shown 
albumin denatures during adsorption on UHMWPE and denatured albumin more readily adsorbs on 
hydrophobic UHMWPE [16,76,78]. Denatured albumin forms a more rigid and less hydrated layer [76] 
associated with increased levels of friction when compared to albumin in its native conformation 
[16,76].  
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Dipalmitoylphosphatidylcholine (DPPC) is the most commonly investigated PC , partially because 
early work with SF lipids assumed the active lipids would be similar to those in lung surfactant  
[52,62]. DPPC is a saturated lipid, which has a transition temperature of 41 oC and so is in the gel 
phase at body temperature. Chen et al [11], and Sarma et al [103] used High Performance Liquid 
Chromatography (HLPC) to determine which lipids were found on the cartilage surfaces, rather than 
in the bulk synovial fluid whilst Gale et al. [104] analysed the lipids from artificial joint surfaces. The 
PC distribution is given in Table 2.2. The majority of these lipids are unsaturated and are in the liquid 
phase at body temperature. 
Table 2.2 Percentage of common PC lipid concentration found on hip joint surfaces [102–104]  
Lipid  Cartilage UHMWPE Metallic 
SLPC 16 27 28 
PLPC 30 28 24 
POPC 17.5 33 27 
DLPC 23 1.3 5 
DPPC 8 11 15 
 
Phospholipids were first suggested as boundary lubricants by Hills and Butler [52] but have been 
investigated by numerous groups since [51,105]. The first model suggested by Hills for lubrication 
was based on DPPC lipids adsorbed to cartilage as a monolayer exposing their hydrophobic tails to 
the bulk solution [106]. As synovial fluid is an aqueous solution this would be energetically 
unfavourable and has led many researchers to suggest a lipid bilayer, or even several lipid bilayers 
are found at joint surfaces.  
Lipid bilayers have been shown to reduce friction at the nanoscale in  AFM studies [107] and at the 
macroscale in hip simulator tests [108]. Continuous low friction is  associated with a stable bilayer 
[107,109] and attributed to a hydration layer of water that is strongly associated with the headgroups 
of the lipids [51,110]. An alternative model to bilayer lubrication suggests intact adsorbed vesicles 
may act as boundary lubricants at joint surfaces [51,110], although this is still based on a closely 
packed layer with low friction due to hydration of the lipid headgroups [111]. Neither the bilayer nor 
adsorbed vesicular layer model consider the effect of co-adsorbed SF proteins. 
Phospholipids have been shown to reduce friction on cartilage/cartilage, cartilage/glass, and 
hydrogel/glass systems. Results on implant materials are more varied. On steel, lipid bilayers initial 
gave low friction but after 1 hour of sliding were removed [109]. Lipids do not readily adsorb to 
hydrophobic surfaces, and so do not appear to lubricate UHMWPE [11,109]. 
2.3.7 Evidence of macromolecules on retrieved hip prosthesis 
Several authors have found evidence of SF proteins on metallic hip prosthesis removed from patients 
[18,112–114] although the exact type of protein is usually not specified. Very recent work has found 
thick protein deposits between 200-500 nm thick on metallic prosthesis, which FTIR analysis has 
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shown to contain a large globulin content [112]. Retrieved polyethylene components tested for 
deposited proteins showed a range of proteins on the implant surfaces, with the distribution of 
proteins varying from patient to patient [115]. The most common protein found had a molecular weight 
of 67 KDa which is consistent with albumin, whilst antibody tests demonstrated large amounts of 
deposited γ-globulins. Proteins films have also been found on retrieved ceramic implants [116]. As 
previously mentioned, significant amount of saturated and unsaturated lipids have been found on both 
metallic and UHMWPE materials [104].  
To determine the content of the films found on retrieved prosthesis specific tests for different types of 
macromolecule are necessary, so whilst there is no evidence of deposited HA or glycoproteins this 
might be because they are not looked for specifically. 
2.4 Model synovial fluids; content and structure 
Model SF lubricants are used due to overcome difficulties collecting and storing the volumes of SF 
needed for tribological testing [8]. Commonly a dilution of Bovine Calf Serum (BCS) is used as a test 
lubricant, as this is readily available in large volumes and is the solution from which synovial fluid is 
ultimately filtered by the synovial membrane. A dilution of BCS is also the testing fluid as specified by 
the current ISO standard for hip joint simulators [4]. However, studies have shown that the lubrication 
of SF is not closely reproduced in either friction or wear studies [9,33,117] by BCS and variations from 
batch to batch of BCS can change friction and wear results [117]. A second approach is to use a 
known concentration of a SF species in a buffer solution. This approach allows a more systematic 
approach to be taken in studying the role of particular SF component, and allows fluids to potentially 
be tailored to match a particular patient’s SF chemistry.  
2.4.1 Buffers 
The base component of a model synovial fluid is the buffer solution. Buffers resist changes in pH that 
occur in pure water due to the addition of acidic or base components so that the pH remains constant 
during an experiment [118]. Proteins are made up of amino acids, which have ionisable groups. 
Changes in pH can alter the charge carried by these groups. This affects both the interaction between 
proteins and the interactions within the protein which govern the protein conformation.  
When prepared buffer solutions can be adjusted to have a particular ionic strength, commonly by the 
addition of NaCl [118]. With increasing ionic strength, there are more ions in the solution which act to 
screen the charges on the proteins. The distance over which the charge can be felt is known as the 
Debye Length, and varies as the inverse square of the ionic strength [39]. Changes in the screening 
of charges will change the likelihood of aggregation of proteins, or other charged molecules. 
 A range of buffer solutions are used in the literature (Table 2.3), with the choice being at the 
discretion of the investigator. There is evidence that buffer solution properties change protein and lipid 
behaviour [70,107,119] and further evidence that both wear and friction are altered in different buffers 
[120] and at different ionic strengths [121]. Despite this, the effect of the choice of buffer solution on 
tribological results is rarely acknowledged. 
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protein [128]. The adsorbed concentrations are in turn governed by the concentration of each protein 
in solution [128], the time allowed for the film to equilibrate [129] and the strength of the interaction 
between the protein and the surface [87]. It follows that to accurately compare the properties of the 
adsorbed layers with the tribological performance, the protein content of the fluid should not be varied, 
and ideally the same surfaces should be used. 
These results collectively indicate that there is some interaction between albumin and globulin which 
is relevant to SF lubrication. This has implications for patients as the ratio of albumin:globulin is 
reduced for osteoarthritic and rheumatoid arthritic SF when compared with healthy SF [9]. This also 
highlights a difficulty in using BCS, as this does not allow easy control of the protein ratio.  
2.4.2.2 Lipids and proteins 
Static experiments have demonstrated several ways in which the interaction between lipids and 
proteins alters the properties of adsorbed layers. Incorporating proteins into lipid bilayers has been 
shown to alter the rate of lipid diffusion within the layer [130]. With increasing protein content the rate 
of both lipid and protein diffusion decreases, indicating a more viscous layer [131]. Where proteins 
adsorb on top of lipid bilayers, the diffusion of the lipids is also slowed as the lipids become ‘slaved’ to 
the diffusion of the proteins [132,133]. PC lipid bilayers have been shown to reduce protein adsorption 
[134]. Competitive protein adsorption is also affected, with 14 % less albumin and 81 % less globulin 
adsorbed on a PC lipid compared with a silica surface [135].  
Several experimental studies have looked at combinations of DPPC and protein solutions under 
tribological conditions. For globulin incorporated into DPPC layers, no significant difference in the 
friction coefficient between lipid only and mixed lipid-protein layers was found on cartilage surfaces 
[84]. This was despite changes in the layer structure observed by AFM [84]. In contrast Trunfio-
Sfarghiu et al. demonstrated that the addition of albumin to a contact with preformed lipid bilayers 
increased friction [109]. These conflicting results may be related to the stronger interaction between 
albumin and PC lipids as suggested by the static adsorption results of Malmsten [135]. 
Experimental result have focused on the saturated lipid DPPC, although recent work has indicated 
unsaturated lipids may have more of a role in SF lubrication [102,104]. As the unsaturated lipids will 
be in the liquid phase at body temperature, the concentration of protein that can coexist in a lipid layer 
is expected to be higher [136]. If the combination of unsaturated lipids and proteins offers improved 
lubrication performance over DPPC and proteins remains to be seen.  
Although the effects of combinations of proteins and lipid on friction have been reported, the 
underlying mechanism has not been widely discussed. Although it might be expected that the 
viscosity and structure of the adsorbed layer would change friction results, the evidence reviewed 
here demonstrates contradictions. 
2.4.3 Lipid structure 
In forming a model lubricant some consideration is needed to the lipid structure. Lipids have been 
highlighted by several researchers as providing structurally dependent lubrication [15,61,107,110]. On 
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drying lipid structures are destroyed, so there is limited direct evidence for how lipids organise on joint 
surfaces and so bilayers, stacked bilayers and lipid vesicles have all been investigated.  
In preparing a model synovial solution steps can be taken to increase the likelihood of forming a 
stable phospholipid bilayer, either by directly forming Langmuir Blodgett layers, or by forming small 
unilamellar vesicles (SUV). On adsorption to a surface SUV can deform and fuse together to form a 
lipid bilayer, although this process is dependent on several factors [137], including whether the lipids 
are saturated or unsaturated [138] and the interaction between the vesicles and the surface [139,140].  
For lipid lubrication to be effective, the lipid structure must be stable [51,107,141]. Where the test 
methods disrupt the structure, as happens when moving through an air-water interface, the lubrication 
performance is not maintained [51]. Comparisons between liquid and gel phase lipids have reached 
conflicting conclusions. Gel phase bilayers provide improved lubrication on a HEMA hydrogel [64] 
related to enhanced stability of the bilayer. On mica surfaces different authors have alternatively 
found liquid phase bilayers [142] and gel phase bilayers [143] to give lower friction coefficients. On 
stainless steel and UHMWPE surfaces, under physiological loading  bilayers do not appear stable and 
are less effective in reducing friction than on hydrated surfaces [15]. 
Alternatively layers of closely packed vesicles have been shown to provide low friction coefficients up 
to relatively high pressures of 12 MPa [51,111,141]. Vesicles formed from saturated lipids sustained a 
lower friction coefficient for longer and at higher pressures, due to increased stability of the vesicular 
structure [141].  
How lipid bilayers or closely packed vesicular layers might form in the presence of SF proteins is 
uncertain. Competitive adsorption between the proteins and lipids could lead to a reduced surface 
coverage of lipids, and so inhibit vesicle fusion [137] and prohibit closely packed vesicular layers. 
Alternatively the formation of lipid bilayers may still occur on long time scales, as pre-adsorbed 
proteins can be displaced from surfaces by lipids [42,136]. 
2.5 Artificial joint surfaces 
There are several artificial surfaces currently in use as hip and knee replacement joints. These can be 
generally grouped into three systems: metal-on-polymer (MOP), metal-on-metal (MOM) and ceramic-
on-ceramic. The most common materials in use are UHMWPE, stainless steel, CoCr or CoCrMo alloy, 
alumina or zirconia [144]. The focus here is CoCrMo, as both the most common metal used in the 
prevailing MOP system [82] and newer MOM systems . The material properties are given in Table 2.4.  
The surface of CoCrMo implants is primarily covered in vivo by a hydrophilic [145] chromium oxide, 
Cr2O3 [146,147]. This oxide has zero charge at pH 7.1, with an increasing negative charge with 
increasing pH [147]. Albumin has been shown to strongly adsorb to the Cr2O3 [148], a process which 
appears to be related to increased ion release from the metal [82,113,149].  
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Table 2.4 Material Properties for CoCrMo implants 
Property  Reference 
Composition 58.9-69.5% Co 
27.030.0 Cr 
5.0-7.0 Mo 
[82] 
Young’s Modulus, E (GPa) 230  [144] 
Surface Roughness, Ra (µm) 0.01-0.05  [144] 
 
In the case of hip joints, the development of MOM resurfacing was expected to improve the wear life 
of the joints [150]. This was based on the predicted operation of MOM joints in a mild mixed 
lubrication regime, calculated using the assumptions of EHL lubrication [6]. However, these joints 
have had high failure rates, with much higher wear rates in vivo than predicted [151] and some 
designs have been withdrawn from the market [86].  
2.5.1 Future materials for use in cartilage repair and replacement 
Current attempts to replicate the excellent tribology of the human joint still fall short of the mark. One 
suggestion is the introduction of compliant hip joint surfaces [32], although despite the idea being 
discussed in the early 1990’s no current prosthesis using compliant surfaces exist. An alternative 
solution to joint replacement is the repair and/or regeneration of articular cartilage. This is of particular 
benefit to younger and more active patients, who are expected to outlive a standard joint replacement 
[152].  
Hydrogels have been considered as both permanent replacements [26] or as cartilage scaffolds that 
provide support for natural cartilage regeneration, but eventually biodegrade [25]. Hydrogels are 
hydrophilic polymer networks, that can adsorb anywhere between 10% and thousands of times their 
dry weight of water [153]. A significant advantage of hydrogels when compared with other scaffold 
materials is that their highly hydrated nature allows them to replicate the biphasic lubrication of 
cartilage [154]. The lubrication of these compliant, hydrated structures will be quite different to the 
hard surfaces currently used for total joint replacement. 
Murakami has published several papers looking at the proteins albumin and globulin on PVA hydrogel 
[125,127,155,156]. His work has found that an optimum structure appears to be formed with an 
adsorbed globulin layer overlayed by an albumin layer. However, this optimum structure is formed at 
a ratio of 2:1 globulin:albumin, which does not occur in SF. Trunfio-Sfarghiu et al. [15] considered 
lubrication of a HEMA hydrogel by lipids, and lipid and protein combinations. In this case, the optimum 
frictional performance occurred when lipid bilayers were formed on the surfaces. The wear in this 
system was not measured. It should be noted that for hydrogel systems there is evidence that low 
friction does not correlate with low wear [152].  
These works have considered permanent cartilage replacements with a solid structure. As a growing 
area in tissue engineering, there are several groups investigating different hydrogels with porous 
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structures [26]. The porous structure is needed for cell ingrowth [157], but must be controlled to 
provide adequate mechanical properties to function as a cartilage replacement [26,158]. Often the 
lubrication of these systems is not part of the development process despite being a key functional 
requirement [159,160].  
2.6 Experimental studies of synovial fluid lubrication conditions 
Whilst hip simulator studies replicate the load and speed variations experience by artificial joints it can 
be difficult to gather information on the fundamental mechanisms of lubrication from these tests. 
Consequently a range of model systems are used to investigate the factors affecting lubrication each 
with different experimental conditions. The implications of different experimental conditions are 
discussed in the following section. 
2.6.1 Static adsorption 
Boundary lubrication is often attributed to adsorbed layers, and proteins and lipids are both known to 
adsorb on joint surfaces. In an attempt to understand the process of adsorption static experiments 
have been conducted on a range of measurement systems including QCM [19,148], fluorescence 
microscopy [15,17,20] and OWLS [20]. Static experiments can give information on the rate of 
adsorption and desorption, the strength of the interaction between the SF species and the surface, 
the rate of diffusion of molecules on the surface, the surface coverage and thickness of the adsorbed 
layers.  
This information can then be interpreted in the context of boundary lubrication mechanisms. As an 
illustration let us consider sacrificial mechanisms of lubrication which are dependent on effective 
replenishment of surface adsorbed layers. In work looking at protein lubrication of a 
CoCrMo/UHMWPE contact it was found preadsorbed albumin was removed from the sliding contact, 
but could be replenished with albumin in the solution [85]. Replenishment has also been shown to 
maintain lower friction in lipid vesicle solutions when compared with lipid bilayers [15]. These works 
indicate the removal of surface species does occur during sliding and that a reservoir of SF species is 
needed to provide effective lubrication.  Static measurements from which the rate of adsorption and 
hence the rate of replenishment can be determined may then be helpful in explaining sacrificial 
lubrication in the SF system. 
One disadvantage of static measurements is that the properties are not always directly measured, but 
often calculated by non-trivial methods [143]. Diffusion in adsorbed layers using fluorescence 
microscopy can be used to estimate  the friction between molecules and the substrate, of particular 
relevance for lipid lubrication [161]. However friction coefficients calculated from diffusion of lipids 
have been shown to be higher than those measured directly [143]. 
A further disadvantage is that the sensitive nature of static measurement systems often precludes the 
application of load, or shear flow. So whilst static experiments can be used to thoroughly describe 
adsorbed films, the properties of these adsorbed films may change under the conditions experienced 
in a tribological contact. For example, with increasing load statically adsorbed protein films have been 
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material properties [30], it may be more experimentally valid to use higher loads and have a contact 
on the microscale, than use lower experimental loads and have a nanoscale contact. 
2.7 Conclusion 
Artificial hip joints are predicted to primarily function in the boundary and mixed lubrication regimes, 
although this prediction is based on simple models of SF. In these regimes effective boundary 
lubrication is essential in achieving the wear life required from joint prosthesis. Several boundary 
lubrication mechanisms have been well documented for oil lubricants that may also occur in the hip 
joint. These mechanisms are dependent on the interaction of the lubricant with the contact surfaces, 
and the structure of the adsorbed films.  
SF is a complex mixture of macromolecules, many of which have the potential to act as boundary 
lubricants. Although often tested on an individual basis, the structure and properties of the surface 
films are dependent on the interaction between the SF species. This interaction is governed by the 
lubricant environment, the relative concentrations of macromolecules, the structure of the fluid and the 
test conditions. Whilst static measurements allow a thorough comprehension of adsorbed film 
properties, these properties may change under conditions of load and shear. To gain the fullest 
understanding of boundary lubrication mechanisms the lubricating films should then be measured 
under both static and dynamic conditions.  
As a further complication, the boundary film structure also appears to be influenced by the underlying 
surface properties. This indicates that the lubrication mechanisms on the hard surfaces currently used 
for joint replacements, and the potential future soft hydrogel surfaces are likely to be different. 
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3 An Investigation of Adsorbed Films Formed from Model 
Synovial Fluids using the QCM 
 
In this chapter a Quartz Crystal Microbalance is used to analyse adsorbed films formed from model 
synovial fluids.  Simultaneous measurement of frequency and resistance give insight into both the 
mass and properties of adsorbed layers formed on either silica or chromium surfaces. This is an 
experimental study, conducted under static conditions. The same model SFs used here will later be 
tested under dynamic conditions, to allow the adsorbed layer properties to be compared with films 
formed under load and shearing.  
 
The aim of this investigation was to determine how the model SF composition, the competition 
between synovial fluid species, and the substrate affect the properties of the adsorbed films.  
 
3.1 Introduction 
Effective Boundary lubrication is believed to depend on adsorbed surface layers which act to reduce 
lubrication and wear. Chemical analysis of retrieved implants and ‘in vitro’ test surfaces have shown 
proteins and lipids are found on the surfaces [18,104], leading to the suggestion that these species 
could contribute to boundary lubrication by forming adsorbed layers. However, as discussed in 
Chapter 2 there is no consensus on the nature of the adsorbed film, or its role in joint lubrication.  
 
Measuring adsorbed film properties directly during a dynamic test is extremely challenging. 
Techniques such as QCM, ellipsometry and fluorescence microscopy which are commonly used to 
probe the properties of adsorbed layers [19,165–167], are highly sensitive to environmental conditions 
and test geometries [165]. This often precludes their use in systems under high pressure and high 
shear. A few authors have now adopted a combined approach, using both static and dynamic 
measurements to try and relate adsorbed film properties to the lubrication performance [16,20,51]. 
This combined approach will also be used in this thesis. 
In this chapter a quartz Crystal Microbalance (QCM) is used to measure surface adsorption of 
synovial fluid species in buffer solutions under static conditions. Whilst QCM has been used to probe 
adsorption of albumin, globulin and lipids [19,88,139,140,168,169] the solution properties used are 
not often representative of model synovial fluids. Protein adsorption is affected by protein 
concentration [16], pH [170,171], ionic strength [134], competition between adsorption species [128] 
and surface characteristics [172]. With so many competing factors influencing protein adsorption the 
properties of adsorbed layers are extremely difficult to predict. Hence adsorption experiments were 
conducted to determine the properties of adsorbed layers relevant to the unique combination of 
variables found in model synovial fluids. The same solutions are then used in further dynamic tests 
allowing a direct comparison between the properties of the adsorbed films and the lubricating films 
that form in a tribological contact. 
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where C (= 17.7 ng Hz-1 cm-2 for a 5 MHz AT-cut quartz crystal at room temperature) is the sensitivity 
factor, and n is the overtone number. This equation is valid for a uniform, rigid (elastic) adsorbed film, 
where the film is fully coupled to the oscillation of the crystal. For viscoelastic films, some energy is 
dissipated in the film so that the Sauerbrey equation will underestimate the adsorbed mass. 
The QCM was originally used to measure mass deposited under vacuum or in the gas phase, before 
it was shown that the system would also work in liquids. Kanazawa and Gordon [176] found that when 
operating in a liquid, the crystal will experience a further frequency shift related to the density, ; and 
viscosity, , of the liquid described by: 
 
 
(3.2) 
 
where fu is the frequency of oscillation of clean, unloaded crystal in a vacuum, and ρq and µq are the 
density and shear modulus of quartz respectively.  
 
For an adsorbed mass in a liquid the frequency shifts due to the mass loading, Δfmass and the viscous 
loading Δfviscous  can be combined to give the total measured frequency shift, Δf   [177,178] such that: 
 
  (3.3) 
Films of biomolecules, such as proteins and lipids are not necessarily rigid as assumed by equation 
(3.1) due to bound water and ions. If only Δf is measured the frequency shift due to adsorbed mass 
and energy dissipation in the adsorbed layer cannot be separated [177].  Here we simultaneously 
monitor Δf and ∆R to separate these effects. An alternative approach is to use impedance analysis 
[165,179] or QCM-D which measures dissipation of the quartz oscillation.  
The change in resistance, ∆R is insensitive to mass loading of the quartz crystal, but dependent on 
the viscous loading such that [178]: 
  (3.4) 
and  
  (3.5) 
where K1 and K2 are  constants dependent on the quartz crystal properties.  This allows a real-time 
correction for the viscous loading to be made [178] so that the change in frequency due to mass alone 
can be calculated as: 
 
  (3.6) 
The theoretical value of K2 for a 5 MHz crystal is -2 Hz Ω
-1 [178] which has been experimentally 
validated for our system using a water/glycerol mix. 
The relative importance of mass and viscosity effects is reflected in the absolute value of the ratio 
ΔR/Δf, with a smaller ratio indicating a more rigid film and hence dominance of the mass effect [168]. 
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3.2 Experimental program 
The overall aim of this chapter was to investigate the adsorbed films formed from model SFs, 
specifically to investigate the film properties, formation kinetics and the role of the different SF 
components (albumin, globulin and lipids). The objectives of the current work were the following: 
1. To study the effect of model SF solution composition on adsorbed film properties (thickness and 
viscoelasticity) for different:  
(a) Buffers 
(b) Proteins 
(c) Lipids 
2. To study the effect of competitive adsorption between SF species on adsorbed film properties, 
considering combinations of: 
(a) Proteins 
(b) Proteins and lipids 
3. To study the effect of surface on adsorbed protein films by comparing adsorbed films on silica and 
chromium 
3.3 Materials and methods 
3.3.1 Materials 
A range of buffer solutions were tested to examine the effects of pH, ionic strength and buffer 
chemistry. The full list of buffers and their composition is given in Table 3.1. The following salts were 
used to prepare buffer solutions: sodium chloride salt of analytical grade (NaCl) (VWR, 27810), 2-
amino-2-(hydroxymethyl)-1,3-propanediol (Tris) (SigmaAldrich, T-87602), Phosphate Buffered Saline 
(PBS) (Sigma Aldrich, P5368), and  4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) 
(Sigma Aldrich, 54457).  Ultrapure Milli-Q water (resistance > 18 MΩ cm) was used to prepare all 
solutions.  Buffers are prepared, and their pH adjusted using sodium hydroxide (NaOH) (VWR, 
28244.262) or hydrogen chloride (HCl) (VWR, 20252.335) as necessary.  Buffer solutions were 
prepared and used at 20°C immediately, or stored at 5 °C and used within one month. When 
comparing surface effects two buffers were used,10 mM Tris Saline pH 7.4 and 10 mM Tris Saline pH 
8.1. These buffers both had ionic strength 154 mM. The Debye screening length, κ-1 was calculated 
according to the equation: 
 
 (3.7) 
where ε is the permittivity of free space, k is the Boltzmann constant, T is the absolute temperature, e 
is the charge of an electron, and c and z are the concentration and charge of each species of ion in 
solution. 
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Table 3.1 Composition, pH, ionic strength and theoretical Debye screening length for buffer solutions. 
Adapted from [180] 
Buffer Components pH Ionic 
Strength 
(mM) 
Debye 
Screening 
Length (nm) 
Water Water 5.6 0 961 
Saline  NaCl, Water 5.8 154 0.78 
Saline pH 7.4 NaCl, NaOH, Water 7.4 154 0.78 
Phosphate 
Buffered Saline 
Na2HPO4 , KH2PO4 , KCl, NaCl, Water  7.4 154 0.78 
Tris Buffered 
Saline 
2-amino-2- 
(hydroxyl-methyl)-1,3-propanediol,  
NaCl, water 
7.4 154 0.78 
HEPES Buffered 
Saline 
4-(2-Hydroxyethyl)piperazine-1-ethane-
sulfonic acid, NaCl, Water 
7.4 154 0.78 
Tris 2-amino-2- 
(hydroxyl-methyl)-1,3-propanediol 
8.1 5 4.30 
Tris Buffered 
Saline pH 8.1 
2-amino-2- 
(hydroxyl-methyl)-1,3-propanediol,  
NaCl, water 
8.1 154 0.78 
 
The synovial fluid species albumin, globulin, DPPC and POPC were investigated. Bovine serum 
albumin, (Sigma Aldrich, A7906, ≥98% agarose gel electrophoresis), γ-globulins from bovine blood 
(Sigma Aldrich, G5009, ≥99% agarose gel electrophoresis), 1,2-Dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), (Sigma Aldrich, P0763, semisynthetic, ≥99%) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), (Avanti Polar Lipids Inc, Synthetic), were all used without further 
purification. Protein and lipid concentrations are given in Table 3.2 and are within the physiological 
range for healthy synovial fluid [1].   
Table 3.2 Protein and lipid content of protein/lipid solutions in mg/ml 
Solution Test Concentrations Physiological 
concentration 
Albumin  10  7-18 [120,181] 
Globulin 2.4  0.5-2.9 [120,181] 
DPPC/POPC 0.1  0.13-0.52 [60,98] 
Albumin and 
Globulin Mix 
10  mg/ml albumin 
2.4 mg/ml globulin 
 
Protein and lipid 
mix 
0.1 mg/ml DPPC or POPC 
10  mg/ml albumin 
2.4 mg/ml globulin 
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Figure 3.4 Change in Δfmass with time for albumin in a range of buffer. Adapted from [180] 
On entering the flow cell all protein solutions result in an initial rapid change in frequency, which 
eventually slows until Δfmass reaches a stable frequency. On rinsing with buffers, Δfmass remains 
constant showing there is negligible desorption of albumin on rinsing.  An adsorbed albumin layer 
remains at the surface as indicated by the permanent shift from the baseline frequency. Using the 
Sauerbrey equation the final amount of adsorbed mass is calculated and given in Table 3.3. For all 
solutions the mass of adsorbed protein falls between 600 and 800 ng cm-2.  This corresponds to the 
reported ranges for an albumin monolayer (390 and 910 ng cm-2 [170,183–185]). 
Table 3.3 Final frequency changes and adsorbed mass for albumin in a range of buffers (n=3). 
Adapted from [180] 
Buffer pH Δf mass (Hz) Adsorbed Mass  
(ng cm-2) 
Rate (Hz/s) - ΔR / Δf  (Hz /Ω)  
Water 5.6 - 41.8 ± 8.1 740 ± 144 0.77 ± 0.08 -0.16 ± 0.08 
Saline pH 5.8 5.8 - 44.3 ± 6.1 784 ± 109 0.39 ± 0.05 -0.14 ± 0.05 
PBS 7.4 - 43.3 ± 4.5 765 ± 80 0.16 ± 0.02 -0.14 ± 0.04 
Saline pH 7.4 7.4 - 45.2 ± 5.9 800 ± 104 0.13 ± 0.07 -0.13 ± 0.04 
HEPES 7.4 - 40.4 ± 6.4 715 ± 113 0.13 ± 0.07 -0.11 ± 0.08 
TRIS Saline pH 7.4 7.4 - 37.7 ± 7.1 648 ± 126 0.18 ± 0.07 -0.15 ± 0.05 
TRIS 8.1 - 40.0 ± 3.4 707 ± 60 0.07 ± 0.04 -0.16 ± 0.02 
Tris Saline pH 8.1 8.1 - 34.1 ± 1.2 607 ± 21 0.04 ± 0.04 -0.19 ± 0.02 
 
The rate of adsorption is plotted as a function of pH, ionic strength and buffer chemistry in Figure 3.5. 
The rate of adsorption is shown to decrease with increasing ionic strength (Figure 3.5 (a)), although 
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proteins adsorbed initially form an elastic layer (ΔR/Δf close to zero) up until around Δf = 30 Hz. As 
adsorption continues the ΔR/Δf increases and the layer becomes more viscoelastic. For protein 
solutions in Saline pH 7.4, PBS, HEPES, TRIS and TRIS saline pH 7.4, the films are viscoelastic 
throughout their formation, demonstrated by the steady rise in ΔR/Δf until a plateau is reached. Films 
adsorbed in TRIS saline pH 8.1 show an overshoot in the ΔR/Δf ratio, which corresponds to highly 
viscous films formed initially, that become more elastic as adsorption continues.   
 
Figure 3.6 Changes in the ratio ΔR/Δf plotted against changes in frequency for all albumin solutions 
giving an indication of the elastic properties of the adsorbed films. Adapted from [180] 
These results show that the dominant factor is the pH of the buffer, which changes the rate of 
adsorption and has a small influence on the adsorbed mass. As SF changes pH between healthy and 
diseased fluids two buffers will be used to compare protein adsorption, Tris Saline pH 7.4 (healthy) 
and 8.1 (diseased). 
3.4.1.2 The effect of protein type on adsorbed film properties 
The change in Δfmass with time for albumin and globulin in Tris Saline pH 7.4 and 8.1 is shown in 
Figure 3.7. Both the rate of adsorption and final amount of adsorbed protein are reduced for albumin 
and globulin at the higher pH, although the effect is much more noticeable in the case of globulin. On 
rinsing, there is limited reduction in the adsorbed mass in all solutions showing the proteins are tightly 
adsorbed.  
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Figure 3.7 Changes in Δfmass with time for albumin and globulin solutions in Tris Saline at pH 7.4 and 8.1 on 
silica 
 The adsorbed mass of proteins is given in Table 3.4. The adsorbed mass of globulin is higher than 
albumin in both solutions although still within the range of reported values for an adsorbed monolayer 
(500-1900 ng cm-2, depending on orientation [87,128]).   
Table 3.4 Frequency change and adsorbed mass for albumin and globulin at pH 7.4 and 8.1 
Protein pH Δfmass (Hz) Mass (ng 
cm-2) 
Rate (Hz/s) ΔR/Δf 
(Ω/Hz) 
Albumin 7.4 - 33.3 ± 4.9 589 ± 87 0.10 ± 0.07 -0.14 ± 0.02 
Albumin 8.1 - 30.0 ± 0.9 531 ± 16 0.06 ± 0.04 -0.20 ± 0.01 
Globulin 7.4 
-109.0 ± 2.2 
1929 ± 39 -0.55 ± 
0.04 
0.07 ± 0.02 
Globulin 8.1 -66.2 ± 2.4 1172 ± 42 -0.14 ±0.02 0.08 ± 0.01 
 
ΔR/Δf is plotted against Δf for albumin and globulin at both pH values in Tris saline in Figure 3.8.The 
ratio ΔR/Δf increases rapidly in all solutions showing the adsorbed protein layer is viscoelastic 
throughout formation. Globulin at both pH values forms adsorbed layers that become increasingly 
rigid as adsorption progresses, which is shown by an initial overshoot, followed by a steady decrease 
in the ΔR/Δf value. The final ΔR/Δf is much lower for adsorbed globulin layers than the adsorbed 
albumin, at both pH values. This is in contrast to work by Benesch et al. [128] who found globulin to 
be more viscoelastic than albumin when adsorbed on hydrophilic surfaces. 
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Figure 3.8 Changes in the ratio ΔR/Δf plotted against changes in frequency for albumin and globulin 
in Tris Saline at pH 7.1 and 8.1 
3.4.1.3 The effect of lipid type on adsorbed film properties 
The adsorption of DPPC SUV and POPC SUV on silica is investigated. Unlike proteins the adsorption 
is not affected by pH as the structure and charge on the phosphatidylcholine (PC) lipids is stable over 
a large pH range [186], and so only Tris Saline pH 7.4 is used.  
 
Figure 3.9 Changes in Δfmass with time for DPPC and POPC vesicles 
For small unilamellar vesicles of DPPC and POPC adsorbing at pH 7.4 on silica the change in Δfmass 
with time is shown in Figure 3.9. DPPC is a saturated lipid with a transition temperature at 41 oC and 
adsorbs as a single vesicular layer [138]. POPC is unsaturated, and is in the liquid phase at room 
temperature [137]. For POPC the initial mass increase followed by a decrease is typical of the 
adsorption of intact vesicles which then rupture to form a supported lipid  bilayer [140]. The mass 
decrease corresponds to the release of trapped fluid from inside the vesicle. On rinsing, there is a 
further mass decrease, which could be due to removal of extra vesicles from the bilayer, or from the 
rupture of any vesicles that had remained intact. The rate of adsorption is much lower for POPC than 
DPPC vesicles. Both DPPC and POPC vesicles are prepared by extrusion giving a controlled size just 
bigger than 100 nm. As they are the same size with the same diffusion rate, and the solutions the 
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same concentration the rate at which the vesicles reach the surface should be the same. The 
difference in adsorption rate is most likely to be a result of instantaneous rupture of some POPC 
vesicles on contact with the surface so the adsorbed mass per vesicle is less.  
Table 3.5 Frequency changes and adsorbed mass for DPPC and POPC SUV 
 
 
 
On initial adsorption both vesicle solutions initially have a high ΔR/Δf value that decreases with 
increasing adsorbed mass (Figure 3.10). The final ΔR/Δf value for DPPC is half that of POPC, 
suggesting the DPPC vesicular layer is more rigid than the POPC bilayer.  
 
Figure 3.10 Changes in the ratio ΔR/Δf plotted against changes in frequency for DPPC and POPC 
vesicles 
3.4.2 Adsorbed film properties of mixtures 
3.4.2.1 Adsorbed layers from mixed protein solutions 
The change in Δfmass with time for a mixed solution of albumin and globulin in Tris Saline pH 7.4 and 
8.1 is shown in Figure 3.11. For both solutions adsorbed layers quickly form. Although some mass is 
lost on rinsing an adsorbed layer remains at the surface. The mass of this layer is higher at pH 7.4, 
which is consistent with increased adsorption of both albumin and globulin at the lower pH.  
 
Δfmass (Hz) Mass (ng cm
-2) Rate (Hz/s) ΔR/Δf (Ω/Hz) 
DPPC -315.6 ± 6.2 5586 ± 110 -1.29 ± 0.01 -0.03 ±0.00 
POPC -106.3 ± 0.8 1882 ±14 -0.49 ±0.01 -0.08 ± 0.01 
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Figure 3.11 Changes in Δfmass with time for mixed protein solutions at pH 7.4 and 8.1 
Comparing the adsorbed mass, rate and ΔR/Δf ratio (Table 3.6), the values for the mixed protein 
solutions are between those measured for the single solutions of albumin and globulin. From this we 
can conclude the adsorbed layer is a mixture of both proteins. This is in agreement with other studies 
of mixed solutions [128].  
Table 3.6 Frequency changes and adsorbed mass for mixed protein solutions at pH 7.4 and 8.1 
  pH Δfmass (Hz) 
Mass 
(ng cm-2) Rate (Hz/s) ΔR/Δf (Ω/Hz) 
Protein Mixture 
7.4 -50.9 ± 1.2 901 ± 21 -0.28 ± 0.08 0.08 ± 0.05 
8.1 -43.8 ± 6.2 775 ± 110 -0.11 ± 0.15  0.13 ± 0.03 
 
Figure 3.12 shows the change in the ΔR/Δf ratio for the mixed protein solutions. At pH 7.4 the 
increasing ΔR/Δf ratio up to a plateau is typical of an adsorbed albumin layer. This suggests the 
adsorbed layer formed in the mixed solution initially has more albumin than globulin, which is 
consistent with the higher concentration of albumin in the solution and the early arrival of the smaller 
protein to the surface. The final value for ΔR/Δf is much closer to a typical globulin layer. This may be 
due to incorporation of more globulin over time, or exchange of some initially adsorbed albumin for 
globulin due to the Vroman effect [129].  
By comparing the sequential adsorption of albumin and globulin the competition between the proteins 
can be examined. Figure 3.13 shows the change in Δfmass with time for the sequential adsorption of 
single solutions of albumin and globulin on silica at pH 7.4 and pH 8.1. The mass and ΔR/Δf ratios 
after each stage are shown in Table 3.7.  
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Figure 3.12 Changes in the ratio ΔR/Δf plotted against changes in frequency for mixed protein 
solutions at pH 7.4 and 8.1 
With pre-adsorbed albumin the behaviour changes with pH. Globulin adsorbs at pH 7.4 as shown by 
both an increase in adsorbed mass, and a reduction in ΔR/Δf. At pH 8.1 the results are not consistent. 
The change in mass is within experimental error suggesting no globulin adsorbs, yet the ΔR/Δf is 
reduced which can indicate globulin adsorption. It is possible that the change in ΔR/Δf is due to 
structural rearrangement of the albumin over the longer time period, and not adsorption of globulin. 
This is supported by a reduction in the final adsorbed mass when comparing the sequential 
adsorption of albumin followed by globulin and that from the mixed protein solution, at pH 8.1 on 
silica. This suggests that albumin actively blocks further adsorption of globulin at pH 8.1 on silica. This 
finding will be tested using fluorescence in the next chapter.  
 
Figure 3.13 Changes in Δfmass with time for the sequential adsorption of albumin and globulin solutions 
When globulin is adsorbed first on silica, the sequential adsorption of albumin causes a positive 
frequency shift, which is equivalent to a reduction in mass. This suggests the albumin replaces 
globulin at the silica surface and is consistent with an increase in the ΔR/Δf ratio created by 
adsorption of the less rigid albumin. As albumin both replaces adsorbed globulin and appears to block 
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globulin adsorption at pH 8.1 it is expected that the albumin:globulin ratio in the adsorbed layer is 
higher at pH 8.1. This hypothesis will be tested using fluorescence imaging. 
Table 3.7 Changes in mass and viscoelastic response for sequential adsorption of proteins 
  pH Δfmass (Hz) 
t=3600 s 
Δfmass (Hz) 
t=7200s 
ΔR/Δf (Ω/Hz) 
t=3600 s 
ΔR/Δf (Ω/Hz) 
t=7200 s 
Albumin followed by globulin 7.4 -33.3 ± 4.9 -58.0 ± 5.1 -0.14 ± 0.02 -0.11 ± 0.02 
8.1 -30.0 ± 0.9 -30.4 ± 0.6 -0.20 ± 0.01 -0.13 ±0.01 
Globulin followed by albumin 7.4 -109.0 ± 2.2 -70.9 ± 5.6 0.07 ± 0.02 -0.11 ± 0.03 
8.1 -66.2 ± 2.4 -59.0 ± 0.7 0.08 ± 0.01 -0.14 ± 0.02 
 
3.4.2.2 Adsorbed film properties of protein and lipid mixtures 
The change in Δfmass with time is shown in Figure 3.14 for DPPC, mixed protein, and mixed protein 
and DPPC lipid solutions adsorbed at pH 7.4 on silica. For the mixed protein and lipid solutions the 
final adsorbed mass is between the values for adsorbed lipid or protein layers, indicating both lipids 
and proteins are incorporated in the final adsorbed layers.  
 
Figure 3.14 Changes in Δfmass with time for solutions of DPPC, mixed protein and a solution of DPPC 
and mixed proteins 
Table 3.8 Changes in mass and viscoelastic response for lipid, mixed protein and solutions of lipids 
and mixed proteins 
 
 
Δfmass (Hz) Mass (ng cm
-2) Rate (Hz/s) ΔR/Δf (Ω/Hz) 
DPPC -315.6 ± 6.2 5586 ± 110 -1.29 ± 0.01 -0.03 ±0.00 
Protein Mixture  -50.9 ± 1.2 901 ± 21 -0.28 ± 0.08 0.08 ± 0.05 
DPPC and protein mixture -124.8 ± 0.5 2208 ± 9 -0.63 ± 0.03 -0.08 ± 0.01 
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The ΔR/Δf ratio for the combined lipid and protein layer is the same as for the mixed protein layer 
(Table 3.8) showing that the viscoelastic properties of the layer are controlled by the adsorbed 
proteins. 
3.4.3 Surface effects 
Figure 3.15 shows the change in Δfmass with time for solutions of albumin and globulin as well as a 
mixture of albumin and globulin on silica and chromium at pH 7.4 and pH 8.1. The rates of adsorption 
and final adsorbed mass in each solution are given in Table 3.9.  
 
 
Figure 3.15 Changes in Δfmass with time for (a) albumin (b) globulin and (c) mixed protein solutions at pH 7.4 and 
8.1 on Silica and Chromium surfaces 
(a) albumin 
(b) globulin 
(c) mixed protein  
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There are both similarities and significant differences in the results for the different surfaces. From the 
single protein solutions, a greater mass of globulin than albumin is adsorbed on both surfaces. The 
adsorbed globulin layer is also more rigid on both surfaces shown by the lower value of ΔR/Δf. From 
the mixed protein solution both surfaces show a greater mass adsorption than a pure albumin layer, 
but a less rigid layer than a pure globulin layer. This suggests that from the mixed solution both 
proteins adsorb to both surfaces.  
In the investigations with various buffer solutions pH was shown to have an effect on the rate of 
albumin adsorption on silica. The effect of pH is even more apparent for globulin and mixed protein 
solutions. For both the globulin solution and the mixed protein solution the rate of adsorption and final 
adsorbed mass are higher and the adsorbed layer is more rigid at the lower pH. This suggests that 
the ratio of adsorbed globulin:albumin on the silica surface  is higher at pH 7.4.  
Protein adsorption on Chromium is less sensitive to pH, particularly for globulin which has a similar 
final adsorbed mass at both pH 7.4 and 8.1. For both albumin and globulin the adsorbed mass 
increases slightly with pH. The films are also more rigid, suggesting less water is included in the 
adsorbed layer.  Comparing the mixed protein solutions, the rate of adsorption, final adsorbed mass 
and ΔR/Δf are similar at pH 7.4 and 8.1, suggesting the protein content and structure of the adsorbed 
layer on chromium does not change in this pH range.  
Table 3.9 Changes in mass and viscoelastic response for albumin, globulin and mixed protein 
solutions on silica and chromium surfaces 
 
For solutions of albumin and globulin on both surfaces the change in ΔR/Δf with Δf  is shown in Figure 
3.16 (a) and (b) respectively. Albumin on chromium shows similar adsorption behaviour at both pH 
    Δfmass (Hz) 
 
Mass (ng/cm2) Rate (Hz/s) ΔR/Δf (Ω/Hz) 
  pH Silica Cr Silica Cr Silica Cr Silica Cr 
Albumin 
7.4 - 33.3 
± 4.9 
-21.8 ± 
1.2 
589 ± 
87 
386 
±22 
-0.10 ± 
0.07 
-0.22 
±0.04 
-0.14 ± 
0.02 
-0.12 ± 
0.01 
8.1 - 30.0 
± 0.9 
-25.0 ± 
0.7 
531 ± 
16 
443 ± 
12 
-0.06 ± 
0.04 
-0.27 ± 
0.12 
-0.20 ± 
0.01 
-0.10 ± 
0.02 
Globulin 
7.4 -109.0 
± 2.2 
-68.6 ± 
1.7 
1929 ± 
39 
1214 ± 
29 
-0.55 ± 
0.04 
-0.44 ± 
0.06 
0.07 ± 
0.02 
-0.04 ± 
0.01 
8.1 -66.2 ± 
2.4 
- 74.5 
± 7.5 
1172 ± 
42 
1319 ± 
131 
-0.14 
±0.02 
-0.72 
±0.25 
0.08 ± 
0.01 
-0.04 ± 
0.01 
Mixture 
7.4 -50.9 ± 
1.2 
-39.0 ± 
2.9 
902 ± 
21 
690 ± 
51 
-0.28 ± 
0.08 
-0.15 ± 
0.10 
-0.08 ± 
0.05 
-0.11 ± 
0.04 
8.1 -43.8 ± 
6.2 
-40.6 ± 
3.2 
776 ± 
110 
719 ± 
56 
-0.11 ± 
0.15 
-0.15 ± 
0.11 
-0.13 ± 
0.03 
-0.12 ± 
0.03 
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values, initially forming a rigid layer, which becomes viscoelastic at a critical surface coverage. This 
behaviour is similar to the adsorption of albumin on silica in water, although the change from the rigid 
to viscoelastic film occurs at a lower adsorbed mass on chromium. For the globulin solutions, the 
adsorbed film on silica is viscoelastic, becoming more rigid with further adsorption. On Chromium the 
film becomes more viscoelastic as it forms until the ΔR/Δf ratio reaches a plateau. For both surfaces 
the change in pH does not alter the adsorption behaviour. 
 
 
 
Figure 3.16 Changes in the ratio ΔR/Δf plotted against changes in frequency for (a) albumin (b) 
globulin and (c) mixed protein at pH 7.4 and 8.1 on silica and chromium surfaces 
(a) albumin 
(b) globulin 
(c) mixed protein  
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For the mixed solutions the adsorbed layer is viscoelastic throughout formation, with the ΔR/Δf ratio 
being between the values observed for separate solutions of albumin and globulin (Table 3.9). At pH 
8.1 on silica, the adsorbed layer becomes more rigid as the adsorbed mass of the layer increases.  
3.4.3.1 Sequential adsorption of protein solutions on Chromium 
As with silica sequential adsorption from single protein solutions was conducted on Chromium. The 
changes in frequency with time are shown in Figure 3.17. At both pH 7.4 and 8.1 an additional mass 
of globulin that remains after rinsing is observed to from on the pre-adsorbed albumin. This is in 
contrast to silica where albumin inhibited globulin adsorption at pH 8.1. There is also a slight reduction 
of the ΔR/Δf ratio suggesting the globulin acts to stiffen the adsorbed layer.  
When globulin is adsorbed followed by albumin, there is a mass increase during the adsorption phase 
showing albumin does adsorb. However, on rinsing this mass is removed. As the ΔR/Δf does not 
increase from the globulin only value Table 3.10 we can conclude that the albumin is removed on 
rinsing so a pure globulin layer remains. This is again unlike silica where albumin displaces pre-
adsorbed globulin.  
 
Figure 3.17 Changes in Δfmass with time for the sequential adsorption of albumin and globulin solutions on Cr 
Comparing the overall effect of surface on adsorption of proteins we find the rate of adsorption is 
higher and the adsorbed proteins are more rigid on Chromium. Although the change of pH does alter 
the adsorption from single protein solutions on the Chromium surface, the effect is much less than for 
the silica surface. For the mixed protein solution, which is closest to model synovial fluids the change 
in pH does not change the adsorbed layer on Chromium, but does change the adsorbed layer on 
silica. The adsorbed layer on silica contains more globulin at pH 7.4 than at pH 8.1. As increased 
globulin has been associated with thicker lubricating films and reduced wear [21,86] this finding has 
implications for friction and wear measurements. 
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Table 3.10 Changes in mass and viscoelastic response for sequential adsorption of proteins on chromium 
  pH Δfmass (Hz) 
t=3600 s 
Δfmass (Hz) 
t=7200s 
ΔR/Δf (Ω/Hz) 
t=3600 s 
ΔR/Δf (Ω/Hz) 
t=7200 s 
Albumin followed by globulin 7.4 -21.8 ± 1.2 -34.8 ± 1.7 -0.12 ± 0.01 0.09 ± 0.02 
8.1 -25.0 ± 0.7 -37.6 ± 1.9 -0.10 ± 0.02 0.08 ± 0.02 
Globulin followed by albumin 7.4 -68.6 ± 1.7 -70.9 ± 1.3 -0.04 ± 0.01 0.04 ± 0.01 
8.1 - 74.5 ± 7.5 -78.2 ± 2.83 -0.04 ± 0.01 0.05 ± 0.01 
 
3.5 Discussion 
Boundary lubrication is dependent on both adsorbed and deposited surface layers. To determine the 
composition and structure of the adsorbed layer in vivo is beyond current technology, which 
contributes to the debate on which synovial species is the active boundary lubricant. By studying the 
adsorption of model synovial fluids the individual species that adsorb can be determined which can 
then be used as a basis for understanding the boundary lubrication mechanism.  
3.5.1 The effect of model SF composition 
3.5.1.1 The influence of buffer on adsorbed albumin properties  
Albumin adsorption in a selection of buffers with different pH, ionic strength and buffer chemistries 
has been investigated. In all buffers the equilibrated adsorbed film had a similar mass and viscoelastic 
properties, but the kinetics of adsorption were affected by buffer choice. Changing the pH of the buffer 
solution had the most impact on protein adsorption, affecting both the rate of protein adsorption and 
the viscoelastic properties during formation of the adsorbed layer. The ionic strength had a secondary 
effect, with the rate of adsorption slowing with increasing ionic strength. 
Of most interest is the effect of pH on the viscoelastic properties of the adsorbed protein layer. Both 
the water and saline solutions exhibit a two stage adsorption process (Figure 3.6).  The initial value of 
ΔR/Δf is close to zero, indicating the formation of a rigid layer.  Above a certain adsorbed mass, the 
ΔR/Δf starts to increase as the protein layer becomes more viscous.  This change from rigid to 
viscoelastic albumin films has previously been attributed to a critical surface coverage being reached 
[79,166].  At this critical coverage, albumin may either adsorb with a more hydrated conformation 
[166] or undergo a structural rearrangement to allow further protein adsorption [79,170].  For the 
buffers at pH 7.4 and above the adsorbed film is viscoelastic throughout its formation. This may be 
due to increased repulsion between the surface and the protein with increasing pH [187–189] so that 
the protein film is less rigidly adsorbed. Alternatively the protein itself may be more hydrated, with 
more associated water either associated directly with amino acid residues [190] or in the hydration 
shell around the protein [39].  
The typical cycle time for testing of artificial joints is 1 Hz [162]. This is much shorter than the time 
needed for an equilibrated adsorbed layer to form, suggesting adsorption kinetics may well have a 
role in boundary lubrication by SF species. In this case the pH and ionic strength should be selected 
to match physiological levels as these factors have been shown to alter protein adsorption kinetics. 
This will require the use of a buffer molecule. 
An Investigation of Adsorbed Films Formed from Model Synovial Fluids using the QCM 
 
62 
 
Phosphate Buffered Saline is a commonly used buffer for tribological investigations with proteins. 
However, competitive adsorption occurs between phosphates and albumin [81] at low albumin 
concentrations. To determine if competitive adsorption between the buffer and albumin would change 
the adsorbed protein properties a range of buffers with different chemistries were investigated.  The 
changes in buffer chemistry do not have a significant effect on protein adsorption, which may be due 
to the high albumin concentration in our work (which is at the low end of concentrations found in SF). 
For further work Tris Saline will be used, as this buffer has a working range pH 7.1-9.1 which will 
allow the same buffer chemistry to be used to simulate healthy and diseased synovial fluids. Tris 
saline is preferred to PBS as phosphates are also known to be boundary lubricants. 
3.5.1.2 The effect of protein type on adsorbed film properties on silica 
Comparing albumin and globulin adsorption on silica we find that at pH 7.4 a greater mass of both 
proteins is adsorbed, although a higher mass of globulin is adsorbed than albumin. The adsorbed 
mass for both proteins is consistent with an adsorbed monolayer [128,169,170]. Based on a protein 
density of 1.15 g cm-3 [128] , the relative thickness of the layers would be 16.8 nm for globulin and 5.1 
nm for albumin which is again consistent with the protein dimensions if adsorbed in an end-on 
orientation [128,170]. As globulin forms a thicker layer, it would be expected that this protein might 
offer more protection for surfaces during sliding.  
Globulin adsorption also occurs at a higher rate than albumin despite the lower concentration of 
globulin in solution. As globulin has a higher isoelectric point than albumin, it will be less negatively 
charged at both pH 7.4 and 8.1. As there is less repulsion between the protein and the negative silica 
surface, the adsorption rate is higher. The small increase in pH is much more significant on both the 
rate and the final adsorbed amount of globulin than albumin. The decrease in adsorbed amount for 
albumin is 6%, whilst it is 39 % for globulin, whilst the rates of adsorption are decreased by 30 % and 
75 % respectively.  
With an increase of pH both proteins become more negatively charged. For albumin the increase in 
negative charge is from around -15 at pH 7.4 to -22 at pH 8.1 [191]. For globulin the exact change in 
charge is hard to identify. Unlike albumin, globulin is a group of several similar proteins that 
demonstrate charge heterogeneity [192], so that the isoelectric point is defined as a region rather than 
one value.  In their work Buijs et al. [193] estimate the net increase in negative  charge between pH 
7.4 and 8.1 to be -4 for two of the most abundant globulins.  As the charge increase is similar for both 
albumin and globulin this does not explain the increased sensitivity of globulin to the pH change. The 
difference might be explained by considering the orientation of the adsorbed proteins. An increase in 
pH has been shown to prevent the adsorption of globulin via the Fc region [193]. This reduces the 
possible number of orientations for adsorption, and hence the probability that globulin will adsorb 
affecting both the rate and total adsorbed amount. For albumin, there is no change in orientation with 
the protein adsorbing end on at both pH values [194].  
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That the thickness of the protein layers, and the rate at which they can replenish themselves are both 
reduced by the increase in pH suggests that both proteins will be less effective as a boundary 
lubricants at the higher pH. This effect should be more apparent for globulin. 
A comparison of the viscoelastic properties of the adsorbed proteins shows globulin forms a more 
rigid layer than albumin. This is in contrast to a finding by Benesch et al. [128] that found albumin 
adsorbed more rigidly on OH terminated surfaces. Their finding was at lower, equal protein 
concentrations of 1 mg/ml, which may change the orientation and packing of proteins in the adsorbed 
layer [79], and hence the viscoelastic properties of the layer. This highlights the importance of 
conducting adsorption experiments that match the unique conditions of model synovial fluids. 
3.5.1.3 The effect of lipid type on adsorbed film properties on silica 
Two SF lipids, DPPC and POPC were compared. At the experimental temperature (and at body 
temperature) DPPC is in the gel phase, and POPC in the liquid phase. As expected, this resulted in 
different adsorbed structures with the QCM response for DPPC typical of an adsorbed vesicular layer, 
and POPC typical of a supported lipid bilayer [195]. This gives the DPPC layer a higher mass as 
trapped water inside the vesicle contributes to the total measured mass. The relative thickness of the 
layers will be quite different, approximately 4 nm for the POPC bilayer and up to 100 nm for the DPPC 
vesicular layer.  
For POPC during adsorption the frequency decreases to a minimum before rising slightly (Figure 3.9) 
This indicates that POPC vesicles initially adsorb intact, and then rupture once a critical coverage is 
reached [195]. In a mixed solution of proteins and lipids this critical coverage may not be reached, 
and intact POPC vesicles may remain. 
DPPC and POPC vesicles solutions were prepared at the same concentration, with the same size 
vesicle, which carries the same charge. It was then surprising that the rate of adsorption was much 
higher for DPPC than POPC vesicles. This could be caused by some POPC vesicles rupturing on 
contact with the surface. This would release the trapped water in these vesicles so that the average 
mass per adsorbed vesicle is less. Even though the vesicles are much larger, with a lower 
concentration than either albumin or globulin the rate of adsorption is equal to or higher than the rate 
of protein adsorption. This suggests the vesicles could still compete with the proteins for adsorption 
sites at physiological concentrations. 
3.5.2 Adsorbed film properties of mixtures 
3.5.2.1 Adsorbed film properties of protein mixtures 
The rate of adsorption, adsorbed mass and viscoelastic properties of the layers formed from the 
mixed protein solutions are between the values measured for the single protein solutions. From this 
we can conclude a mixed adsorbed layer is formed, the content of which is dependent on competition 
between the proteins. At pH 7.4 globulin adsorbs over 5 times as fast as albumin, whilst at pH 8.1 
globulin only adsorbs twice as fast. This suggests that the globulin content of the adsorbed layer will 
be higher at pH 7.4, which is supported by a more rigid layer at this pH with a lower ΔR/Δf value. The 
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final mass of the adsorbed layer is higher at pH 7.4 which is consistent with increased adsorption for 
both proteins at the lower pH. 
It has been suggested that the proteins may form layered structures to optimise lubrication [17].  By 
sequentially adsorbing proteins we found that albumin both inhibited further globulin adsorption and 
actively replaced pre-adsorbed globulin. This behaviour would prohibit the formation of any layered 
structure, and points towards a single mixed protein adsorbed film.  
Although we have gained some insight into the competitive adsorption some questions still remain. 
Quantifying the relative amounts of albumin and globulin or their distribution in the adsorbed layer is 
not possible with QCM [128].  Similarly, it cannot be said with certainty if the increase in ΔR/Δf 
indicates increased hydration of the adsorbed layer or reduced interactions between the proteins and 
the surface. In chapter 4 fluorescence microscopy is used to try and answer some of these remaining 
questions.    
3.5.2.2 Adsorbed film properties of protein and lipid mixtures 
The rate of adsorption and adsorbed mass of the mixed protein and lipid vesicle solutions are 
between the values of either the mixed protein solution or the lipid solution alone. This indicates both 
proteins and lipid vesicles adsorb. The DPPC vesicles appear to adsorb intact as the characteristic 
decrease in mass associated with the release of trapped water is not observed. The ΔR/Δf value is 
the same as for the mixed protein solutions indicating the viscoelastic properties of the layer are 
dominated by the proteins.  
3.5.3 Surface effects 
The results here show that there are significant differences in protein adsorption on silica and 
chromium surfaces. For solutions of a single protein the rate of adsorption of proteins is generally 
higher on chromium, and the proteins form more rigid layers with lower ΔR/Δf. This suggests a 
stronger interaction between chromium and the proteins than silica and the proteins, which may be 
accompanied by a higher conformational change on the chromium surface. This may be explained by 
the lower surface charge of Chromium which is neutral at pH 7.1 [147] whereas silica carries a 
negative surface charge above pH 2 [196].  The lower surface charge and hence reduced repulsion 
between chromium and albumin allows a rigid film to initially form from albumin solutions at both pH 
7.4 and 8.1. This is the same effect that was shown for albumin solutions adsorbing on silica at pH 
5.6/5.8, also attributed to a reduction in the electrostatic repulsion between the protein and the 
surface. The adsorption of proteins on silica shows large changes with pH, which are more apparent 
for globulin than albumin. 
The total mass of albumin adsorbed at both pH 7.4 and 8.1, and globulin at pH 7.4 is lower on 
chromium than silica, despite increased attraction for the chromium surface. As QCM measures both 
the protein and water content of a layer [128] this decrease might indicate less adsorbed protein, or a 
less hydrated layer with a lower mass of adsorbed water. Both of these changes can be attributed to 
the chromium surface being less hydrophilic than the silica surface [197]. On hydrophobic surfaces 
proteins will deform more during adsorption to expose the hydrophobic groups and form hydrophobic 
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bonds with the surface [198].  Deformed proteins cover a larger surface area and hence reducing the 
total mass of protein at a full surface coverage [199]. The formation of hydrophobic bonds will exclude 
water from the adsorbed layer, and also reduce the adsorbed mass [128]. The reduced mass of water 
is reflected by lower ΔR/Δf ratios on chromium. 
For the mixed solution the adsorbed layer formed on the chromium surface has the same properties 
and kinetics of adsorption at both pH 7.4 and 8.1. This suggests the relative amounts of albumin and 
globulin in the adsorbed film are the same at both pH values, unlike on the silica surface. Sequential 
adsorption tests show that albumin can displace pre-adsorbed globulin on silica but not on chromium. 
This is further evidence that there is an enhanced interaction between the proteins, in particular 
globulin and the chromium surface. 
For in contact observations of synovial fluid lubrication one of the surfaces must by transparent. 
Usually the transparent surface is silica although this is not a surface used for artificial joints. The 
differences in adsorption highlighted here should be taken into consideration when analysing 
lubrication in these systems. In particular pH changes in systems using globulin, where changes is 
adsorption on silica may create results not relevant to Chromium systems. 
3.6 Conclusions 
By following the simultaneous frequency and resistance shifts measured by a QCM the real time 
surface adsorption of synovial fluid species can be followed. To select buffers for the following work 
albumin adsorption on silica in a range of buffers was investigated. The equilibrated adsorbed layer 
was very similar in all buffers, but the kinetics of adsorption changed with buffer choice. pH in 
particular changed the mechanism of adsorption, whilst the rate of adsorption slowed with increasing 
ionic strength.  For the following work where adsorption is expected to occur during the test the 
kinetics of adsorption may well affect the boundary lubrication mechanisms. For that reason the pH 
and ionic strength will be matched to those of synovial fluids using Tris Saline buffer.  
Comparing the SF proteins, globulin forms thicker, and more rigid adsorbed layers than albumin. 
However, it is also more strongly affected by pH with almost 40% less globulin adsorbed at pH 8.1 
suggesting its role in boundary lubrication may be reduced at the higher pH. 
Adsorption of the two synovial fluid lipids DPPC and POPC form different adsorbed structures with 
DPPC forming a single vesicular layer and POPC a lipid bilayer. Both POPC and DPPC will adsorb as 
intact vesicles, with POPC vesicles starting to rupture at a critical coverage.  
There is competition between adsorbing species in synovial fluid, and layers formed from a mixed 
solution are different to layers formed from sequentially adsorbed species. On silica, the relative 
amounts of proteins in a mixed layer is affected by the pH of the solution, with more globulin 
adsorbing at a lower pH. When lipid vesicles are incorporated into the solution they will 
simultaneously adsorb with the proteins, but the viscoelastic properties are still dominated by the 
protein content of the adsorbed film. 
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Adsorption of proteins on silica and chromium showed both the kinetics of adsorption and the final 
adsorbed layers to be different on both surfaces. The adsorbed protein layers on chromium had a 
lower mass and were more rigid, indicating the proteins were less hydrated with lower levels of water 
incorporated in the adsorbed layer. The change in adsorption behaviour with pH was less significant 
for chromium, due to a lower surface charge on the chromium surface. The protein content of the 
adsorbed layers is also different on chromium and silica, although this cannot be quantified with QCM 
measurements. Since the mechanisms of boundary lubrication are dependent on adsorbed layers, 
and protein adsorption is quite different on silica and chromium care must be taken when using silica 
as a model surface.  
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4 A Fluorescence Microscopy Investigation of Adsorbed Films 
Formed from Model Synovial Fluids 
 
In this chapter Fluorescence Microscopy is used to examine the structure and distribution of adsorbed 
films formed from model synovial fluids. Visualisation of individual species in the adsorbed layer 
allows us to observe the 2D distribution of proteins and lipids, as well as relative amounts. This is an 
experimental study, conducted under static conditions designed to match the previous QCM 
investigation.  
 
The aim of this investigation was to determine how the model SF composition and competition 
between synovial fluid species affects the content, structure and distribution of the adsorbed films.  
 
4.1 Introduction 
The coverage, content and structure of adsorbed layers will affect their ability to provide effective 
lubrication and reduce wear [30,45,46]. In the previous chapter it was demonstrated that changes to 
the pH, protein and lipid composition of model SFs, as well as surface properties altered the content 
and structure of the adsorbed layer. However, the distribution on the surface, and the relative amount 
of each protein or lipid cannot be quantified from QCM measurements [128]. To build a fuller picture 
of the adsorbed films a complementary technique is needed. 
Fluorescent molecules (fluorophores) emit light following adsorption of light or other electromagnetic 
radiation. This light emission can be captured using an optical system to measure the 2D distribution, 
and concentration of the fluorophores [200]. By chemically attaching fluorophores as fluorescent 
labels to specific proteins or lipids, the distribution and relative concentration of these species in an 
adsorbed layer can then be observed. 
In this chapter fluorescence microscopy is used to visualise surface adsorption of synovial fluid 
species in buffer solutions under static conditions. Where QCM was used to measure the whole film 
properties, here we observe the distribution and relative concentration of individual SF species in the 
adsorbed layer. As with QCM, fluorescence microscopy has previously been used to measure SF 
protein and lipid adsorption [15,20,108], but not with the particular concentrations, pH and structure of 
model synovial fluids used here. By using the same solutions as QCM the adsorbed film structure and 
distribution can then be compared with the measured film properties. As before, the adopted 
methodology is to start with simple solutions of single SF species, and build up to a more complex 
model SF.  
Using QCM it was shown that for adsorbed layers formed from solutions of a single protein, the mass 
and viscoelastic properties of the adsorbed layer changed with pH. As QCM measurements are 
sensitive to the water content of the adsorbed layer [165], a change in mass may indicate changes in 
adsorbed protein mass or adsorbed water or a combination of these factors. Fluorescence is not 
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sensitive to the adsorbed water content of the layer, so should allow the relative protein content to be 
determined as a function of pH. By comparing the total mass change and protein mass change, the 
level of hydration of the adsorbed layer can be determined [165]. Hydrated protein boundary layers 
have been associated with lower friction than dehydrated layers [20,76] and so knowing the relative 
hydration of the different adsorbed films is beneficial when predicting their lubrication performance. 
Using QCM it was shown that SF proteins and lipids compete for adsorption sites, and that layers 
formed from mixed solutions contain a quantity of each species. It is suspected that the relative 
amounts of each protein in a mixed layer are also affected by the pH of the solution. The overall 
thickness of the lubricating layer will be affected by the protein content [86,156], which has 
implications for wear protection as thicker boundary films generally reduce wear [21]. Being able to 
quantify the relative mass of each protein in the different adsorbed layers will allow us to predict film 
thickness. 
QCM measurements have also shown that when lipid vesicles are incorporated into the solution they 
will simultaneously adsorb with the proteins. The mass increase is sufficient for a lipid bilayer to form 
but the viscoelastic properties are still dominated by the protein content of the adsorbed film 
suggesting a low lipid surface coverage. Observing the 2D distribution of lipids across the adsorbed 
film, will determine if a continuous lipid layer forms. As both bilayer and vesicular layer lubrication 
mechanisms are based on continuous layers [51,107], fluorescence microscopy will be able to 
demonstrate whether this mechanism could occur in these models synovial fluids. 
Whilst fluorescence allows the distribution and heterogeneity of adsorbed layers to be observed, 
disadvantage of the system is the required use of labelled molecules. By adding a fluorescent label 
some small alterations to the charge and structure of the target macromolecule are unavoidable.  
4.1.1 Theory 
Fluorophores are part of a molecule that cause the adsorption of energy at a specific wavelength, and 
subsequent emission of energy at a longer specific wavelength. The wavelength and amount of 
energy emitted are dependent on the molecule and the environment.  
The process of fluorescence can be broken down in to three stages as described in [200] and shown 
schematically in a Jablonski diagram Figure 4.1. The stages are: 
Excitation: A photon of energy hνex is absorbed by the fluorophore. The fluorophore moves to a new, 
higher energy state (S1'). 
Excited state lifetime: The fluorophore exists in an excited state for a finite amount of time, typically 
nanoseconds. During this lifetime the fluorophore relaxes to a slightly lower energy level S1 
Fluorescence emission: Fluorescence is generated as a photon of energy hνEM is emitted from the 
fluorophore. This returns the fluorophore to the ground state, S0. The energy of the emitted photon is 
less than the adsorbed photon due to energy lost during relaxation. The lower energy of the photon 
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4.2 Experimental program 
The overall aim of this chapter was to investigate the adsorbed films formed from model SFs. 
Specifically to investigate the composition and structure of the adsorbed films and 2D distribution 
different SF components (albumin, globulin and lipids). The objectives of the current work were the 
following: 
1. To study the effect of model SF pH on the concentration of SF proteins in adsorbed layers. 
2. To study the effect of competitive adsorption between SF species on composition and distribution, 
considering combinations of: 
(a) Proteins 
(b) Proteins and lipids 
3. To relate the composition, structure and SF species distribution to the adsorbed film properties as 
measured by QCM. 
4.3 Materials and methods 
4.3.1 Materials  
Albumin, globulin, DPPC, POPC and Tris Saline buffers are as described in section 3.3.1. Test 
solutions are given in Table 4.1. 
Table 4.1 Protein and lipid content of test solutions 
Solution Test Concentrations Fluorescent molecule 
Albumin  10 mg/ml 0.5 mg AF594 albumin 
Globulin 2.4 mg/ml 0.5 mg AF594 globulin 
DPPC/POPC 0.1 mg/ml 0.1 µg/ml RhB DHPE 
Albumin and Globulin 
Mix 
10mg/ml albumin 
2.4 mg/ml globulin 
0.5 mg AF594 albumin or 
globulin 
Protein and lipid mix 0.1 mg/ml DPPC or POPC 
10 mg/ml albumin 
2.4 mg/ml globulin 
0.1 µg/ml RhB DHPE 
 
4.3.1.1 Fluorescent Proteins 
Alexa Fluor 594 (AF594) (Molecular Probes) was chosen as a fluorescent label for proteins. The 
maximum adsorption for this fluorescent occurs at 594 nm, which is not optimum with our system. 
This label has a net charge of zero, so the impact on the electrostatics of adsorption is reduced. This 
label was also chosen to allow the possibility of simultaneous imaging with another fluorescent 
species excited at 488 nm, although this work was not carried out. AF594 labelled proteins still 
showed strong fluorescence when excited at 532 nm.  
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4.3.1.3 Substrates  
Imaging chambers were made using PDMS and Nexterion D slides (Schott). Nexterion D is a 
borosilicate glass with high transmittance, and low fluorescence, made of 72-80 % SiO2.  The surface 
properties are controlled by the silica network so that the glass slides exhibit the same pH dependent 
surface charge as silica [174,203].  Polydimethylsiloxane (PDMS) sheets 5 mm in thickness were cut 
into squares with sides approximately 20 mm. Holes 10 mm in diameter were punched through the 
PDMS squares. The squares were cleaned by sonication for 15 minutes in 2% detergent solution, 
followed by Milli-Q water, and then isopropanol and then dried with nitrogen. They were then plasma 
treated for 1 minute to render the surface hydrophilic and pressed onto clean slides to form a 
permanent, water-tight seal [204]. Chambers were used immediately or stored and used following full 
cleaning. 
4.3.2 Methods 
Sample chambers were first rinsed with buffer solution and then filled with 100 µl test solution. 
Adsorption was allowed to proceed for 30 minutes before the chambers were gently rinsed with 10 ml 
buffer solution (approximately 20 times the chamber volume). This removed all fluorescent proteins 
and lipids from the bulk solution so that only surface adsorbed species contributed to the measured 
fluorescence intensity. Samples were then imaged using an epi-fluorescence microscope set-up, as 
shown in Figure 4.4. The set up used an inverted Axiovert 200M microscope with a 63x LD Plan-
Neofluar objective (N.A 0.75, Zeiss, Germany). Fluorescence images were taken with an iXon 
EMCCD camera controlled using the Andor Solis software package (Andor, UK). The sample was 
excited using a MLL III 532nm 200 mW laser (Changchun New Industries Optoelectronics Technology 
Co., Ltd., China).  
For intensity measurements samples were imaged at an exposure time of 0.1 s, with no EM gain and 
a laser power of 2 mW (measured at the stage). Focusing was done under white light, using a field 
diaphragm. Images were taken with an exposure of 0.1 seconds. A signal generator (TGP110, Aim 
and Thurlby Thandar Instuments, UK) was used to trigger the camera and control a beam path 
shutter to minimise photobleaching.  
Each image was first corrected for background fluorescence by subtracting an image of a clean well 
filled with buffer. The image intensity was then calculated as the average pixel intensity across all 
pixels (128 x 128). The measured intensity for each experimental condition was then the average of 
the image intensity for 5 images of different sample wells. This was divided by the degree of labelling 
to give adsorbed protein mass in terms of an arbitrary unit.  For convenience the adsorbed protein 
mass was then normalised against the adsorbed mass of albumin at pH 7.4  
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Table 4.2 Normalised adsorbed mass calculated from measured fluorescence intensity 
Protein pH Adsorbed mass  
Albumin 7.4 1 ± 0.11 
 8.1 0.77 ± 0.09 
Globulin 7.4 2.19 ± 0.57 
 8.1 1.05 ± 0.10 
 
The changes in mass as measured by fluorescence and QCM are shown in Figure 4.6. For both 
albumin and globulin the protein fluorescence decrease with pH is greater than the mass decrease. 
This means that the protein:water concentration is lower at the higher pH, so the layer is more 
hydrated. Comparing this to the change in viscoelastic properties (ΔR/Δf ratio increases 0.04 for 
albumin and 0.01 for globulin with increase pH) we find that increased hydration corresponds to an 
increase in the viscoelastisity for the protein layers. The mass decrease with pH is highest for globulin 
as measured by both techniques, showing that this protein is most sensitive to the pH change when 
adsorbing on silica. 
 
Figure 4.6 % reduction in adsorbed mass with increase in pH as measured by both Fluorescence and QCM 
4.4.2 Competitive adsorption results for proteins 
Fluorescence images show that both proteins will adsorb from mixed solutions. Albumin adsorbs 
across the entire surface, with a relatively even intensity at both pH 7.4 and 8.1. For globulin at both 
pH there is significantly reduced fluorescence and more localised bright spots. This could be due to 
the separation of the proteins forming small clusters of globulin [156], but is more likely due to low 
amounts of globulin adsorbing so that an incomplete layer forms. 
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Figure 4.7 Fluorescence images of mixed proteins at pH 7.4 with albumin fluorescent (left) and globulin 
fluorescent (right) 
For mixed solutions of albumin and globulin the adsorbed mass is given in Table 4.3. The total 
adsorbed mass from the mixed protein solution is less than the sum of adsorbed mass from single 
protein solutions at either pH. This demonstrates that there is competition for adsorption sites 
between the proteins. The total mass adsorbed is reduced by only 5 % with the increase in pH which 
is less than the 14 % reduction measured by QCM. This would imply a lower water content in the 
adsorbed layer at higher pH, yet QCM measurements show an increased viscoelastic response. 
Table 4.3 Adsorbed mass of protein adsorbed from a mixed protein solution 
Fluorescent Protein pH Adsorbed mass  
Albumin 7.4 0.56 ± 0.05 
 8.1 0.75 ± 0.08 
Globulin 7.4 0.54 ± 0.05 
 8.1 0.29 ± 0.03 
 
At pH 7.4 the adsorbed albumin mass is reduced relative to a pure albumin solution by 44 %, whilst 
the mass of globulin is reduced by approximately 75 % (Figure 4.8). At pH 8.1 the albumin intensity is 
not statistically different between a pure albumin or mixed protein layer (student t-test, p < 0.05). In 
contrast, the globulin intensity is reduced by approximately 73% of the intensity of a pure globulin 
layer. These results show that albumin is less affected by the competition for adsorption sites. 
Albumin Fluorescence 
 
Globulin Fluorescence 
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Figure 4.8 Adsorbed mass of a) albumin and b) globulin for single and mixed protein adsorption 
Comparing the mixed layers at different pH, the ratio of the adsorbed mass of albumin:globulin is 1:1 
at pH 7.4 and 2.6:1 at pH 8.1 demonstrating that the relative protein content of the layers changes 
with pH. The increase in the proportion of albumin at pH 8.1, which is more hydrated than globulin 
accounts for the measured increase in viscoelastic response as measured by QCM. 
4.4.2.1 Sequential adsorption of proteins 
The mass of adsorbed proteins for sequential solutions is given in Table 4.4. Sequential adsorption of 
globulin followed by albumin results in some albumin adsorption, at both pH 7.4 and 8.1. The albumin 
intensity is reduced compared to the amount directly adsorbed on silica indicating that globulin inhibits 
adsorption. The amount of albumin adsorbed sequentially is 30 % lower at pH 8.1, consistent with 
reduced adsorption with increasing pH. When albumin is first adsorbed, approximately 1 % of the 
globulin that adsorbs on silica will adsorb on albumin. This is consistent with the QCM results that 
showed albumin prevents globulin adsorption, and the use of albumin as a blocking protein [88]. 
Table 4.4 Adsorbed mass of proteins from sequential tests 
Test Sequence Fluorescent Protein pH Normalised mass  
Globulin followed by albumin Albumin 7.4 0.20 ± 0.02 
  8.1 0.14 ± 0.03 
Albumin followed by Globulin Globulin 7.4 0.03 ± 0.01 
  8.1 0.02 ± 0.01 
 
4.4.3 Competitive adsorption results for proteins and lipids 
Fluorescence intensity images for DPPC and POPC are shown in Figure 4.9. These images show 
much more uniform fluorescence than the protein solutions.  
 
A Fluorescence Microscopy Investigation of Adsorbed Films Formed from Model Synovial Fluids 
 
77 
 
  
Figure 4.9 Fluorescence images for adsorbed DPPC (left) and POPC (right) 
Of the two lipid solutions, POPC has a more even fluorescence demonstrated by a lower standard 
deviation of intensity, and a lower total fluorescence intensity. This is consistent with the formation of 
a smooth lipid bilayer, which would have a lower surface density of fluorescent lipids. 
Table 4.5 Fluorescence intensity for adsorbed lipids 
Test solution Fluorescence intensity (Counts) 
DPPC 352 ± 3 
POPC 161 ± 6 
Mixed proteins and DPPC 9 ± 0.4 
Mixed proteins and POPC 11 ± 1 
 
For mixed solutions of lipids and proteins the lipid fluorescence is very strong and localised (Figure 
4.10). This indicates the adsorption of individual lipid vesicles and aggregated vesicles. DPPC and 
POPC lipids show the same fluorescence pattern and intensity, indicating a similar level of adsorption. 
The localised pattern coupled with a large drop in fluorescence intensity when compared with a 
continuous lipid layer indicate that the number of adsorbed vesicles is low. 
  
Figure 4.10 Fluorescence images for mixed solutions of proteins and vesicles with vesicles fluorescently labelled. 
DPPC and POPC from left to right 
 
4.4.3.1 Sequential adsorption of proteins and lipids 
DPPC  POPC 
DPPC  POPC 
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Lipid layers have been suggested to be resistant to protein adsorption [135,205,206]. When 
DPPC/POPC was first adsorbed followed by either albumin or globulin, the mass of protein was 
reduced when compared with the mass adsorbed on silica (Figure 4.11). The amount of protein 
adsorbed on either DPPC or POPC is not significantly different (student t-test, p < 0.05). 
 
Figure 4.11 Adsorbed mass of albumin and globulin on silica, or pre-adsorbed DPPC and POPC 
4.5 Discussion 
4.5.1 The effect of pH on adsorbed protein concentration 
Lateral interactions between adsorbed protein molecules can result in a heterogeneous surface at low 
surface concentrations [207,208]. The heterogeneous surface can be formed of protein islands or 
clusters [207,209,210]. The size of these islands will depend on many factors but for albumin alone, 
or mixed albumin and globulin solutions on glass typically reach a maximum size of 2 µm [13,207], 
which may account for the slight speckling observed in fluorescence images. The speckling observed 
here was evenly distributed across the images, which are approximately 50 x 50 µm. The contact size 
in an artificial joint is typically mm and at this larger length scale the adsorbed film will appear 
homogeneous. 
For adsorbed layers formed from either albumin or globulin, increasing the pH of the fluid reduced the 
adsorbed concentration of protein as measured by fluorescence intensity. As discussed in the chapter 
3 with increasing pH there is an increase in repulsion between the negatively charged surface and the 
negatively charged proteins, which acts to oppose protein adsorption [188,207].  
The relative reduction in protein fluorescence is higher than the relative reduction in mass measured 
by QCM for both proteins. QCM measurements are sensitive to the total mass of the adsorbed film 
which included trapped and coupled water [166,211]. Fluorescence microscopy and other techniques 
such as ellipsometry and Optical Waveguide Lightmode Spectroscopy (OWLS) are only sensitive to 
the protein content or ‘dry mass’ of the films [165,169]. The discrepancy between fluorescence and 
QCM measurements can then be explained as a higher concentration of water associated with the 
adsorbed proteins at pH 8.1. This corresponds to an increase in the viscoelastic properties of the 
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4.5.2 Competitive adsorption results for proteins 
4.5.2.1 Adsorbed layer structure 
For solutions of a single protein, adsorption was seen to occur across the entire surface. For mixed 
solutions an adsorbed layer was also formed across the whole surface. However the amount of 
globulin in this layer was low with clusters or aggregates distributed evenly across the surface. The 
adsorbed film was homogenous at the macroscale.  
Other authors have suggested a layered structure of albumin and globulin can form at the surface 
[156,214]. If this were the case than the total mass adsorbed mass should be equal or almost equal to 
the sum of the masses adsorbed from single solutions. However, the results here show much lower 
total adsorbed mass, with globulin distributed through a predominantly albumin layer. The 
fluorescence results support the implication of QCM and literature that a single mixed monolayer is 
formed [214]. 
4.5.2.2 Adsorbed layer content 
In the mixed layer at pH 7.4 the relative globulin content is reduced by approximately 75 % when 
compared to a pure globulin layer, whilst the reduction in albumin is less at 44%. The reduction for 
both proteins is an expected effect of competition for adsorption sites [128]. As albumin is the smaller 
protein it will diffuse faster reaching the surface first, reducing the number of sites available for 
globulin to adsorb [215].  
At pH 8.1, the same amount of albumin adsorbed from a pure solution of albumin and a mixed protein 
solution. There was still competition for adsorption sites as the amount of globulin adsorbed was 
reduced by 72 %. Sequential adsorption shows that in agreement with QCM measurements, globulin 
does not adsorb following pre-incubation of albumin at both pH 7.4 and 8.1. This is consistent with the 
use of albumin as a blocking protein [215]. With pre-adsorbed globulin, the adsorption of albumin was 
reduced, but did still occur.  
As the inclusion of globulin in the mixed layer did not alter the albumin content, the surface coverage 
of an albumin layer at pH 8.1 cannot be complete. However, when globulin is adsorbed following 
albumin adsorption, there is no significant globulin adsorption suggesting that there are no free 
adsorption sites. These results appear contradictory but can be considered in terms of the size of the 
molecule and the sequence of adsorption.  
The random sequential adsorption model developed by Schaaf and Talbot [216,217] is based on 
three rules;  i) objectives arrive sequentially at a surface, at a random position ii) once adsorbed, 
objects cannot move from their position  iii) objects cannot overlap. As a result a ‘jamming’ limit is 
reached. This is below full surface coverage, but occurs when the spaces between adsorbed objects 
are smaller than the objects [216]. In the case of a mixed solution, both albumin and globulin adsorb, 
but as globulin is larger it reaches the jamming limit at a lower surface coverage [217]. Albumin will 
continue to adsorb, filling the spaces too small for globulin. When adsorbed sequentially, the spaces 
left after albumin adsorption are too small for globulin to then adsorb.  
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For the mixed layers the total adsorbed mass is very slightly reduced with increasing pH. Unlike single 
protein layers the reduction in mass measured by fluorescence was less than the reduction in mass 
measured by QCM, which does not explain the increase in the viscoelasticity also measured by QCM. 
Comparing the ratio of adsorbed albumin:globulin, we find that at pH 7.4 the adsorbed layer contains 
more albumin, which is more hydrated than globulin and hence explains the increase in viscoelastic 
properties. 
Here competitive adsorption was conducted on a timescale of 30 minutes. For mixed solutions of 
plasma proteins it is know that with increasing adsorption time larger proteins can replace smaller 
proteins in the adsorbed layer, an effect known as the Vroman effect [129,214,215]. Using mixed 
solutions at a similar concentration to those used here Holmberg and Hou [214] have shown that after 
1 minute the adsorbed layer on a hydrophilic surface contained more albumin, whilst at 1 hour it 
contained more globulin [214]. The timescale of this exchange exceeds the typical 1 second gait cycle  
of hip joints. 
4.5.3 Competitive adsorption results for proteins and lipids 
For lipid only solutions, the fluorescence is more uniform than proteins, as a result of a more complete 
surface coverage. As the lipid vesicles are neutral, the main interaction between vesicles is short-
ranged hydration repulsion [218] which allows closer packing than the long range, electrostatic forces 
between proteins [187]. 
In mixed protein and lipid solutions, the strong localised lipid fluorescence indicates that both POPC 
and DPPC will adsorb as intact and possibly agglomerated vesicles. This is consistent with the 
adsorption of intact vesicles measured in Chapter 3 by QCM. An insufficient coverage of lipids occurs 
to form continuous bilayers or vesicular layers. As lipid lubrication mechanisms are based on 
continuous structures [51,107] they cannot occur in this system.  However, the adsorbed vesicles are 
100 nm in height, compared with a maximum protein layer height of 16 nm. On approach of an 
opposite surface the vesicles will come into contact first and carry the full load. For the MPa pressure 
typically experienced in an artificial joint this will cause the vesicles to rupture [51,219], which may 
then distribute lipids more evenly through the contact. 
Where lipids are adsorbed first, the mass of protein subsequently adsorbed is reduced to less than 
10% of the mass that adsorbs directly on silica. Results in the literature generally show a reduction in 
protein adsorption is found on PC lipid layers, but the magnitude varies between studies [135,205]. 
The mechanism for protein resistance is attributed to tightly bound water at the lipid headgroup, which 
cannot be displaced by proteins [206]. Measurements by QCM have shown almost no albumin or 
globulin adsorption on PC bilayers [205], although at lower protein concentrations and over a shorter 
timescale. In contrast, using fluorescence Malmsten and Lassen [135] measured albumin and globulin 
adsorption on silica and DPPC membranes, finding a reduction of 14 % for albumin and 82% for 
globulin on the lipid surface. Their work was carried out over a similar timescale to the fluorescence 
study here, but at much lower protein concentrations.  
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The reduction of protein adsorption by lipids has been used as the basis of 2-methacryloyloxyethyl 
phosphorylcholine (MPC) coatings for medical implants [206]. These coatings are based on polymers 
with the same headgroup as PC lipids and have been reported as inhibiting albumin and globulin 
adsorption [220]. Whether this reduction is due to the specific interaction of the PC headgroup and the 
protein, or a general increase in the hydrophilicity of the surface is unclear. Hip implants using MPC 
modified crosslinked polyethylene are currently being trialled in hip simulators, showing low wear 
rates, attributed to low protein adsorption [221].  
Comparing the lipids, the adsorption of albumin or globulin on either DPPC or POPC is not 
significantly different (student t-test, p < 0.05), and so was not affected by the underlying lipid 
structure. This is despite an increased surface roughness for the vesicular layer that might favour 
protein adsorption [222]. 
4.5.4 The impact of the experimental technique 
The disadvantage of fluorescently labelling the proteins and lipids is that the label can alter the 
properties of the macromolecule. For proteins the label used was Alexa Fluor 594 which carries no 
net charge [202]. The labels bind via primary amine groups [202], which would carry a charge of +1 e 
if pronated [223]. As they are now involved in a bond this can reduce the amount of positive charge 
on the proteins. Labelled proteins were labelled at an average of 4 moles dye per mole protein (as 
measured using UV-VIS spectroscopy), which could reduce the net charge by up to -4. As the 
adsorption of proteins on silica is dependent on electrostatics [224], and has been shown to decrease 
with increasing negative charge it is likely that both the rate and amount of protein may be affected by 
labelling. Here QCM and fluorescence measurements have been compared to reduce the impact of 
these changes on the conclusions drawn. 
In terms of size, the fluorescent molecules are small (820 and 480 daltons for AF594 and RhB 
respectively) compared to the large molecular weight of proteins (66,400 and 160,000 daltons for 
albumin and globulin respectively), but large compared to the size of lipids (734 and 760 daltons for 
DPPC and POPC respectively). As such it is not expected that labelling will disrupt the dynamics of 
proteins but it may impact the lipid dynamics [225]. In the experiments here the primary concern was 
the structure of the lipids, which is controlled by the lipid packing [39].  By using a headgroup labelled 
lipid the influence of the label on the packing of the lipids is reduced when compared with a chain 
labelled lipid [225].  
4.6 Conclusions 
Using fluorescently labelled SF proteins and lipids the distribution and the relative adsorbed mass of 
protein was determined for adsorbed layers formed from different model synovial fluids.  
For adsorbed layers formed from a single protein species, increasing the pH of the fluid reduced the 
adsorbed concentration of protein. The reduction in protein mass is higher for globulin than albumin 
consistent with QCM measurements. For both proteins, the reduction in adsorbed mass from 
fluorescence measurements is higher than measured with QCM, This difference is related to the 
water content of the layers, which is included in QCM measurements but not fluorescence 
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measurements. For albumin, increasing the pH significantly increased the hydration of the adsorbed 
proteins. The hydration of adsorbed globulin was not strongly affected by pH, indicating the 
orientation of adsorbed globulin remained the same. 
In mixed protein solutions, there is competition between the proteins indicative of non-specific protein 
adsorption.  The competition affects globulin more than albumin, with a larger reduction in adsorbed 
mass for the larger protein. Sequential results show that albumin is more effective as a blocking 
protein. When compared with direct adsorption on silica, only 1 % globulin adsorbs on pre-adsorbed 
albumin, whilst up to 20% albumin adsorbs on pre-adsorbed globulin.  
In mixed protein and lipid solutions both POPC and DPPC will adsorb as intact vesicles. An 
insufficient coverage of lipids occurs for published lipid lubrication mechanisms, based on bilayers or 
vesicular layers to occur. Where lipids are adsorbed first, subsequent adsorption of both proteins is 
reduced to less than 10 % of the amount adsorbed directly on silica. 
Although mixed protein and protein lipid solutions show local variation in distribution this is at a length 
scale of microns. For contacts in artificial joints, which are typically mm [226], this spatial variation is 
unlikely to be significant. 
The results here complement the results from QCM, and combining both measurements confirms a 
correlation between viscoelasticity and water content, similar to the correlation between dissipation 
and water content measured by QCM-D. 
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5 An investigation of the lubricating film formed from model 
synovial fluids under shear and load 
 
In this chapter the effect of shear and load on lubricant film thickness for protein and lipid solutions 
was measured under rolling conditions. Imaging of the contact during rolling is used to show 
qualitatively the variation in film thickness across the contact. Combined AFM and Raman 
spectroscopy were used to analyse the surfaces after rolling tests. The effects of pH, protein and lipid 
content and lipid structure on film thickness and the lubrication mechanisms were investigated. 
 
The aim of this investigation was to determine how the model SF composition affects the properties of 
the films formed under shear and loading, and whether the properties of the films can be related to 
statically adsorbed layers. 
5.1 Introduction 
When studying lubrication with model synovial fluids, attention has generally been focused on friction 
and wear of the test surfaces, whilst the structure of the lubricating film has been less thoroughly 
investigated. Yet it is the stability and thickness of the lubricating film that control whether surface 
asperities will come into contact and wear will occur.  
Many authors have suggested an adsorbed layer of proteins or lipids protects the joint surfaces when 
the fluid film breaks down [20]. Based on wear measurements Sawae et al. [125] suggested 
combining DPPC and globulin altered the boundary films ability to lubricate due to interactions 
between the protein and lipid. Results presented here using QCM and fluorescence have shown the 
structure of the adsorbed film is indeed altered by combining lipids and proteins. However, how the 
structure of the adsorbed film might change under load and shear has not been established. 
There are several techniques available for measuring film thickness in a lubricated contact including 
electrical measurements, magnetic resistance, Raman, IR absorbance and optical interferometry 
[30,227]. Electrical resistance measurements have been used to measure film thickness for metal-on-
metal prosthesis in hip joint simulators by Dowson et al [34]. Using diluted calf serum they show 
proteins are required for effective separation of the surfaces, and that film thickness varies throughout 
the loading cycle. Their measurement technique does not allow the spatial heterogeneity of the film 
across the contact to be measured.  An optical interferometry method has been used by Myant and 
Cann to study a sliding contact [22,86] lubricated with simple protein solutions and diluted BCS. Their 
work shows the film varies across the contact, but also varies significantly depending on the protein 
concentration. All of these direct measurements indicate that a lubricating protein film is thicker than a 
statically adsorbed film, and is not strongly adhered to the test surfaces. 
In the following work optical interferometry was used to measure film thickness. Both film thickness 
measurements using the thin film optical interferometry technique [228] and imaging measurements 
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The two reflected beams have now travelled different distances and so will have a phase difference 
dependent on the film thickness. The two reflected beams are then combined and due to the phase 
difference interference fringes are generated. The wavelength of the interference is determined by a 
spectrometer. The measured light is restricted by a 250 µm slit, which corresponds to a thin strip of 
the central region of the contact at 900 to the direction of rolling. The measured film thickness is then 
the mean value of the film thickness in this central region. 
By using a silica spacer layer, the fluid film thickness is augmented so that a reading can be taken in 
a dry contact. Each measurement is a combined measurement of the silica thickness and the fluid film 
thickness. At the start of the test the thickness of the static, dry contact is measured, giving the spacer 
layer thickness. This is then subtracted from the test reading to give the fluid film thickness. As the 
thickness of the silica spacer layer varies around the disc, the measurement is taken once per disc 
rotation at the same location on the disc. The EHL rig allows a range of slide-roll conditions to be 
studied from 0% (pure rolling) to 200% (ball stationary pure sliding) by driving the ball and disc 
separately.   
5.2 Experimental program 
The overall aim of this chapter was to investigate films formed from model SFs under shear and load. 
Specifically to investigate the role of the different SF components (albumin, globulin and lipids) in 
determining film thickness and whether this is related to the properties of adsorbed films. The 
objectives of the current work were the following. 
1. To study the effect of model SF solution composition on lubricating film thickness for different:  
(a) Buffers 
(b) Proteins 
(c) Lipids 
2. To study the effect of interaction between SF species on lubricating film thickness, considering 
combinations of: 
(a) Proteins 
(b) Proteins and lipids 
3. To study the relationship between the measured properties of adsorbed films and the lubricating 
film thickness. 
5.3 Materials and methods 
5.3.1 Materials 
The composition of the test solutions is given in Table 5.1. The proteins albumin and globulin and the 
lipids DPPC and DOPC are as described in Chapter 3. A limited selection of the buffers used in 
Chapter 3 were used to compare the effect of buffer on film thickness measurements with albumin. 
These buffers were saline pH 5.8, saline pH 7.4, Tris saline pH 7.4 and Tris Saline pH 8.1. These 
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buffers were chosen to be able to compare the effects of pH and buffer chemistry, factors identified by 
QCM to change the dynamics of albumin film formation. For further tests with globulin and lipids, the 
buffers were limited to Tris Saline pH 7.4 or 8.1 as pH was identified as the dominant factor in film 
formation. The ball used for testing is a CoCrMo ball with diameter 19.8 mm, and Ra 0.1 µm.  
Table 5.1 Composition of Protein and Lipid Solutions 
Buffer Solution Albumin 
(mg/ml) 
Globulin 
(mg/ml) 
DPPC 
(mg/ml)  
DOPC 
(mg/ml) 
Saline pH 5.8  10    
Saline pH 7.4 10    
Tris Saline pH 7.4 10    
Tris Saline pH 8.1 10    
Tris Saline pH 7.4  2.4   
Tris Saline pH 8.1  2.4   
Tris Saline pH 7.4 10 2.4   
Tris Saline pH 8.1 10 2.4   
Tris Saline pH 7.4 10 2.4 0.1  
Tris Saline pH 7.4 10 2.4  0.1 
 
5.3.2 Film thickness measurements 
The test conditions used for film thickness measurements are given in Table 5.2. A pure rolling 
condition was chosen here although this is not representative of motion in hip joints which is pure 
sliding. Rolling was chosen to reduce the surface wear that occurs in sliding and so decouple wear 
and film formation.  Sliding wear also damages surfaces making optical interferometry measurements 
more difficult. A substantial amount of work using protein solutions under sliding conditions has been 
conducted by Myant and Cann [21,22,86] which will be compared with the results from this work. 
Under rolling the surface films and lubricating fluid still experience shear stresses and loading, which 
have been highlighted as important factors in protein lubrication [21]. The test temperature was 20 oC 
to be consistent with QCM and fluorescence measurements. This is reduces evaporation of the 
lubricant during testing. 
Table 5.2 EHL Test Conditions 
Mean Hertzian Pressure 326 MPa 
Speed 10 mm/s 
Load 5 N 
%SRR 0 (Pure rolling) 
Temperature 20 oC 
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the contact area to form a meniscus around the contact. The contact was reloaded and 1200 seconds 
rolling with the new solution was conducted. 
5.3.3 Post-test analysis 
Following the test both surfaces were lightly rinsed with water and examined dry under the optical 
microscope. For a limited number of samples, further examination of dry surfaces was conducted 
using a combined AFM- Raman system (Alpha 500, WiTec, Germany). The AFM was used in contact 
mode, with tips with a 0.2 N/m spring constant. Confocal Raman spectroscopy used a 532 nm green 
laser, 50 x Zeiss objective and 100 µm pinhole. Raman spectra were collected at 5 points on the 
sample with an accumulation of 50 spectra, each of 10 seconds length. The spectra were corrected 
for cosmic rays, and background removed using the Witec Project software, and normalised against 
the 1004 cm-1 benzene ring of Phenylalanine. 
5.4 Results 
5.4.1 The effect of model SF composition 
5.4.1.1 The effect of buffer solutions on albumin film formation 
 
 
Figure 5.3 Film thickness with time for albumin in a range of buffers. Repeat tests shown in different 
colours 
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Figure 5.13 Film thickness for vesicle solutions at pH 7.4 
Imaging results for DPPC and POPC (not shown) reveal that a uniform film forms in the contact. This 
film does not contain the aggregates observed to from in protein solutions. Results for the average 
film thickness (Figure 5.14) show no statistical difference between DPPC and POPC lipids for 
adsorbed film thickness or rolling film thickness (Student t-test, p < 0.05). 
 
Figure 5.14 Average film thicknesses for DPPC and POPC lipid vesicle solutions 
Following the test dried surfaces show no deposited films formed in either DPPC or POPC solutions. 
As there are no aggregates and the film thickness is less than 20 nm, it is not expected that a 
deposited film would be visibly observed. Comparing the surface before and after rinsing (Figure 
5.15), the deposited track is visible as an area with slight reduction in salt crystallisation, which 
suggest there may be a difference in the surface in that area. 
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5.4.4.2 Correlation between adsorbed and tribologically formed albumin films in different buffers 
The rolling film thickness as a function of measured QCM properties is shown in Figure 5.31 for 
albumin solutions in Saline pH 5.8 and 7.4 and Tris saline pH 7.4 and 8.1. The R2 values for adsorbed 
mass, rate and ΔR/Δf are 0.42, 0.95 and 0.52 respectively, showing a clear correlation with 
adsorption rate but not the adsorbed mass or viscoelastic properties. 
  
Figure 5.31 Film thickness for albumin in different buffers as a function of (a) Adsorbed mass, (b) Rate of 
adsorption and (c) Viscoelastic properties 
5.4.4.3 Correlation between adsorbed and tribologically formed protein films  
QCM measurements demonstrated that the film formed from albumin, globulin and mixed protein 
solutions on silica and chromium surfaces have different properties. As the film formed under rolling is 
between both a silica and CoCrMo surface the film thickness was compared against results on silica, 
on chromium and the average of both surfaces. The R2 values for mass, rate and viscoelastic 
properties are given in Table 5.3. showing that the film thickness is most closely correlated with the 
average properties. These average properties are plotted in Figure 5.32. These figures demonstrate 
that whilst there is a strong correlation, there is also a significant gap in the data due to the 
dramatically different properties of globulin layers. Further work with mixed solutions with different 
albumin:globulin ratios would improve confidence in the reported correlation.  
Table 5.3 R2 value for different film thicknesses 
 QCM Surfaces 
Silica Chromium Average 
Adsorbed mass (ng/cm2) 0.82 0.89 0.93 
Rate (Hz/s) 0.45 0.69 0.97 
ΔR/Δf (Ω/Hz) 0.54 0.94 0.87 
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Figure 5.32 Correlation between average measured properties from QCM and measured film thickness for 
albumin, globulin and mixed protein solutions 
5.4.4.4 Correlation between adsorbed films and tribologically formed lipid and mixed lipid protein films  
As only two lipid solutions were investigated the correlation between the QCM properties and film 
thickness cannot be tested. However, for the lipid solutions (and mixed protein and lipid solutions) the 
adsorbed mass and rate were much higher than the protein solutions, yet the film thickness was 
lower. This suggests that the relationship between adsorbed film properties and film thickness 
observed for protein solutions does not hold for mixed protein and lipid solutions. 
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5.5 Discussion 
5.5.1 The effect of model SF composition 
5.5.1.1 The effect of buffer solutions on albumin film formation 
Comparing the albumin solutions in four different buffers it is found that the behaviour observed was 
dependent on the pH of the buffer.  A thin film, with thickness around 5 nm was observed throughout 
1200 seconds rolling for albumin in Tris Saline pH 8.1 (Figure 5.3). This film was consistent with a 
statically adsorbed film, which is expected to have a thickness between 3-7 nm (Chapter 3). Imaging 
tests show the film is uniform across the contact area (Figure 5.4), also consistent with a statically 
adsorbed film. A second behaviour was observed at pH 7.4 and below in both Tris Saline and Saline 
buffers. These albumin solutions formed thicker, uniform films which can be observed as a slightly 
darker colour in the imaging tests (Figure 5.4). These films were supplemented by deposits of 
agglomerated material which were observed to pass through the contact in the rolled track. Vrbka et 
al. [23] noticed similar agglomerations in their rolling tests with bovine serum. As the agglomerations 
pass through the contact they create large, random fluctuations in the measured film thickness giving 
the measurements a chaotic nature. On drying, deposits observed on the ball (Figure 5.7) correspond 
to the agglomerations observed during the rolling tests.   
Whilst all solutions formed an even adsorbed layer across the contact, at pH 7.4 and below this was 
accompanied by the formation of agglomerated materials. As both saline pH 7.4 and Tris Saline pH 
7.4 formed the same deposits but Tris Saline pH 8.1 did not, it is concluded that the change in pH of 
the buffer inhibits the formation of agglomerated material but the buffer chemistry does not have a 
significant effect.  
As discussed in Chapters 3 and 4, at the lower pH, the proteins carry less negative charge. This 
reduces the repulsion between the proteins, so that proteins are more likely to adsorb on the surface 
but also increases the chance of aggregation in the bulk solution [234]. As aggregated proteins collect 
in the inlet they can form a region of concentrated protein [22], with an increased viscosity [14]. This 
viscous material can then be pulled into the contact [22], leading to the chaotic fluctuations observed 
at the lower pH. 
This mechanism was first described by Myant and Cann [22], and termed protein aggregation 
lubrication. In their tests under sliding protein aggregates can be observed in imaging experiments as 
a phase separation of the fluid film in the inlet region (Figure 5.33). In the experiments reported here 
under rolling, the same phase separation is not observed. This may be explained by considering the 
drag forces on the proteins in the inlet region, according to the model suggested by Wan and Spikes 
[235] (Figure 5.34).  
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protein than albumin, so that aggregates formed of the same number of protein molecules will be 
larger if formed from globulin.  
As with albumin, the rolling film thickness is reduced in globulin solutions with an increase in pH, 
which as before is explained by an increase in negative charge reducing both adsorption and protein 
aggregation. 
Unlike albumin, the residual film formed from globulin solutions is not statistically different to the film 
measured under rolling. The difference between the rolling and residual films is attributed to water 
being squeezed from the film under static load. If there is no significant difference in these films, then 
either the water content of the globulin lubricating film is very low, or the water is tightly associated 
with the protein. The difference observed form films formed under rolling, is supported by static 
adsorption results that have shown globulin layers are less hydrated than albumin, and have a lower 
viscoelastic response indicating the water is more tightly bound to the protein. 
5.5.1.3 The effect of lipid type on film thickness 
Film thickness tests with the lipids DPPC and POPC showed no difference in the statically adsorbed 
film thickness under load, despite static adsorption results indicating that different structures are 
formed with the two lipids. This is a result of the rupture of the lipid vesicles under the contact 
pressure which is a little higher than 300 MPa [51], so that the vesicular structure formed from DPPC 
vesicles is destroyed. 
Under rolling the film thickness is the same for both lipids, and builds up slowly over time. It has 
previously been reported that saturated lipids like DPPC form more stable structures, with greater 
resistance to penetration than unsaturated lipids like POPC [51,64,107]. No evidence is found here to 
suggest any difference in the structure of the film formed under rolling. There was also no evidence of 
agglomerated material forming, as observed in protein solutions.  
The residual film is not significantly reduced from the rolling film thickness for DPPC or POPC. This is 
despite improved packing of the saturated lipid DPPC [39] which would reduce compression under 
static load.  
5.5.2 The effect interaction between model SF species 
5.5.2.1 Mixed protein solutions 
The average film thickness in protein solutions in order of thickest to thinnest is globulin > mixed > 
albumin solutions. This is consistent with results from sliding tests which showed globulin formed the 
thickest films and offered improved wear protection over both albumin solutions [21,86] and bovine 
calf serum, which contains both albumin and globulin [21]. The protein content of the solutions is 12.4 
mg/ml, 10 mg/ml and 2.4 mg/ml in the mixed, albumin and globulin solutions respectively showing the 
thickest lubricating film is not simply related to the protein content of the solution, but is dependent on 
the particular combination of proteins in the solution. In particular the addition of albumin to the 
globulin solution inhibits the formation of thick globulin films.  
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This could either occur at the surface with adsorbed albumin preventing the deposition of thick 
globulin films, or in the bulk solution as a result of albumin inhibiting globulin aggregation. In 
sequential imaging tests, pretesting in an albumin solution did not stop the formation of thick globulin 
films, indicating aggregation in solution is the more important of the two factors.  
Albumin may inhibit globulin aggregation occurring in the bulk solution as a result of macromolecular 
crowding. Macromolecular crowding occurs where no particular macromolecule (such as a protein) is 
present in a high concentration, but the total volume space occupied by all the types of 
macromolecules is high. Macromolecular crowding occurs commonly in vivo, where there are large 
numbers of macromolecules such as proteins, in solutions such as synovial fluid. In solution, 
macromolecular crowding has been shown to alter the rates of aggregation of large proteins [236] 
such as globulin.  
5.5.2.2 Mixed protein and lipid solutions 
The magnitude of the surface forces will influence the size of the particle that can be pulled into the 
contact [235]. For the mixed protein lipid solutions the test shows the film thickness increases to a 
critical thickness which is equal to the size of the lipid vesicles. On reaching this thickness the film 
dramatically reduces. This suggests the surface forces are not sufficient to entrain the vesicles into 
the contact until the separation of the surfaces is of a similar magnitude to the lipid diameter. The low 
surface forces between the vesicles and the contact surfaces are due to the hydration layer, which is 
strongly attached to the lipid headgroups [48]. Once the vesicles enter the contact they reduce the 
film thickness, which indicates that they disrupt the protein films. The rolling film thickness is still 
higher than lipid solutions alone showing some proteins are still entrained into the contact. 
Sequential tests for lipids followed by the globulin solution show that pre-adsorbed lipids can limit the 
formation of a thick globulin film. This indicates lipids have the opposite effect to albumin and are 
responsible for inhibiting adsorption of globulin aggregates, but not necessarily inhibiting the 
aggregation process in solution. This agrees with the fluorescence results (chapter 4), and many 
results in the literature which show that lipid coatings can reduce protein adsorption [205]. 
Considering this reduced interaction in the framework of Wan and Spikes’ model an adsorbed lipid 
layer would also act to reduce the likelihood of aggregated proteins being pulled into the contact, 
resulting in a thinner film. 
5.5.3 Post-test analysis 
The dried deposits observed by optical microscopy showed two types of deposits, a thinner more 
uniform deposit, and large, thicker irregular deposits. Imaging tests for albumin and mixed protein 
solutions also show a general increase in the film thickness throughout the contact area with random, 
irregular deposits passing through the contact. This supports the idea that a two stage lubrication 
process may exist with an adsorbed ‘conditioning layer’ formed across the contact to which protein 
aggregates can then attach. This two stage process is often observed in protein fouling research 
[237]. The thinner films measured for the mixed lipid and protein solutions when compared with the 
An investigation of the lubricating film formed from model synovial fluids under shear and load 
 
110 
 
mixed protein solutions, indicate increasing the lipid content of the conditioning layer will reduce the 
adsorption of protein aggregates. 
Raman spectroscopy of the deposited layers confirmed they were formed from proteins. Spectra from 
mixed solutions confirmed globulin was deposited from mixed solutions, but deposition of albumin in 
the mixed solution could neither be confirmed nor ruled out. AFM measurements of dried protein films 
gave thickness between 0 and 360 nm. The average thickness was highly dependent on the sample 
region, with averages (mean) of 164 nm and 82 nm recorded for thick and thin regions respectively. 
The spatial variation in the thickness of the deposits contributes to the fluctuation in the film thickness 
measurements. 
5.5.4 The relationship between adsorbed film properties and lubricating films formed under 
shear and load 
5.5.4.1 Statically adsorbed films 
For all protein solutions the statically adsorbed film was around 3 to 7 nm in thickness, which was less 
than the predicted film thickness from QCM results. The reduction in thickness between the predicted 
and measured values is due to loading the film and is accordant with compression of the proteins, or 
hydrated ions and water being squeezed from the film. This would be expected for the hydrated 
viscoelastic films shown to form under static adsorption. Following this reasoning globulin films which 
have the lowest water content, and are more rigidly coupled to the surface should be the least 
compressed, and yet show the biggest difference between predicted and measured adsorbed film 
thickness. 
This unexpected result might be due to the density used to calculate the predicted film thickness 
which was assumed to be the same for both proteins [128]. If globulin density used is too low this 
would lead to an overestimate of how much the film is compressed. A direct measurement of the 
adsorbed film thickness, using a technique such as OWLS [20] would allow a better comparison of the  
unloaded and loaded statically adsorbed film. 
5.5.4.2 Albumin adsorbed in different buffers 
Rolling increased the film thickness for all protein solutions, forming thicker films than under static 
adsorption. These films were formed from deposits of agglomerated SF macromolecules, which are 
not predicted to occur under static conditions. Despite this there was strong correlation between the 
measured film thickness and the adsorbed film properties as measured by QCM. 
For albumin adsorbed in different buffers there was a strong correlation between the rate of 
adsorption and the film thickness, but not the adsorbed mass or viscoelastic properties. The rate of 
protein adsorption at a surface is controlled by both the rate at which the protein arrives at the surface 
and the energy of the interaction between the protein and the surface [238].  For the albumin solutions 
where the temperature, size of the molecule and concentration are the same the rate at which the 
molecule arrives at the surface should be the same. So the increased rate of adsorption reflects a 
stronger interaction of the surface and the molecule. 
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This can contribute to the formation of the lubricating film in several ways. A stronger interaction of the 
protein and the surface would increase the chance of agglomerated proteins being deposited and 
pulled through the contact. If the rate of adsorption is higher, replenishment of the film removed during 
rolling is faster so that a more stable lubricating film is formed. Increased interaction between the 
surface and the protein may also reflect less repulsion between proteins initially adsorbed at the 
surface and proteins that continue to arrive [238]. This would correspond to a higher chance of protein 
aggregation in the bulk solution. 
Whilst the adsorbed mass and viscoelastic properties do not appear to be correlated with the rolling 
film thickness, it is possible that the variation in these factors is not large enough for a trend to 
become apparent. 
5.5.4.3 Protein film properties  
Comparing the adsorbed film properties for albumin, globulin and mixed protein solutions with rolling 
film thickness, the adsorbed mass, rate of adsorption and viscoelastic properties all show some 
correlation with the measured film thickness.  
Both the adsorbed mass and rate of adsorption reflect the reduced film thickness for mixed protein 
solutions (when compared with globulin solutions) despite the higher protein content. For the 
adsorbed films the reduction in rate of adsorption and adsorbed mass is due to competition between 
the proteins for adsorption sites (See Chapter 4 discussion). This could affect lubricating films directly 
if the adsorbed films contribute to the agglomerated films in the contact inlet. Alternatively, the 
distribution of proteins on the surface may reflect how the proteins are distributed in the bulk solution. 
More explicitly, if the proteins are more closely packed on the surface, the repulsion between proteins 
is lower so that increased aggregation can occur in the bulk solution. 
The correlation between viscoelastic properties and film thickness indicates that increased hydration 
results in thinner films, and can be related to a reduction in the compressive modulus [211]. 
QCM results demonstrated the properties of adsorbed films were different on silica and chromium 
surfaces. By comparing the correlation between mass, rate and viscoelastic properties on the two 
surfaces it was found that the average adsorbed film properties best described the film thickness. This 
demonstrates that the interaction of proteins with each of these surfaces influences the formation of 
the lubricating film. This highlights the disadvantages of optical techniques; where one surface is 
constrained by the requirement to be transparent it can have an impact on the property being 
measured.  
5.5.4.4 Fluids including lipid vesicles 
Despite differences in the adsorbed film properties for the lipids DPPC and POPC, the films formed 
under rolling were not significantly different. Unlike protein solutions, the adsorbed film properties 
cannot then be used to predict the rolling film thickness. The main reason for the difference is due to 
the structure of the lipids under each test condition. During static adsorption, intact DPPC vesicles 
adsorb, which contain a large mass of trapped water. This mass of water affects the measured rate of 
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adsorption. Under rolling, these vesicles do not enter the contact intact, so that the lubricating film has 
a lower mass, and a different structure to the adsorbed film. The same reasoning holds for mixed lipid 
and protein solutions, where fluorescence results have shown intact vesicles of DPPC and POPC 
adsorb under static conditions. 
5.6 Conclusions 
Under rolling an adsorbed film forms, which is supplemented by thick protein agglomerations that can 
become deposited on the surface. The process by which agglomerated protein is entrained into the 
contact is chaotic, resulting in fluctuations in rolling film thickness. Comparisons of the film thickness 
and structure of the lubricating film show the change in buffer pH from healthy at pH 7.4 to diseased 
at pH 8.1 will affect protein lubrication of artificial joint materials by reducing the incidence of protein 
aggregation and agglomeration. For model synovial fluids the buffer chemistry does not seem to alter 
the mechanism of protein lubrication significantly.  
After 1200 seconds of static adsorption, films are formed on the contact surfaces, but these are 
thinner than results obtained from static adsorption measurements with QCM.  This is due to the 
pressure in the loaded contact squeezing hydrated ions and water from the viscoelastic adsorbed 
layers. Under rolling, protein layers form which are much thicker than statically adsorbed layers. 
These deposited layers consist of protein aggregates, which occur due to the shear and pressure 
conditions experienced in the contact. The deposited layers are removed and replenished during 
rolling, indicating they are not strongly attached to the test surfaces.  
Of the two proteins albumin and globulin, globulin forms much thicker deposited layers. When the 
proteins are combined, the ability of globulin to form thick layers is reduced. Sequential testing of the 
two protein solutions show preadsorbed albumin does not stop thick globulin layers forming but 
albumin in solution disrupts the aggregation process.   
Properties of statically adsorbed films are strongly correlated with film thickness measurements for 
protein solutions. This may allow adsorption results to be used to predict lubricating film thickness, 
which is known to indicate wear performance [21]. 
Introducing lipid vesicles to the mixed protein solution allowed thicker films to initially form until a 
critical thickness is reached. At the critical thickness, which corresponds to the vesicle diameter lipid 
vesicles could then enter the contact, disrupting the film deposition process and reducing the film 
thickness dramatically. This highlights the effect of sample preparation on test results. 
The film thickness results show combinations of synovial fluid constituents form very different films to 
simple solutions of individual species. The lubricating film thickness does not correlate to protein 
concentration, but is dependent on the interactions between the proteins.  The further inclusion of 
lipids again changes the deposited film behaviour. This calls into question the use of BCS as a model 
synovial fluid, which is matched for total protein concentration, but not relative amounts of proteins 
such as albumin and globulin and does not contain significant amounts of phospholipids. 
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6 An Investigation of the Boundary Lubrication of Silk Fibroin 
Hydrogels 
In this chapter the physical and lubrication properties of silk fibroin hydrogels are investigated. 
Hydrogels suitable for use as cartilage scaffolds are first prepared by optimising both their mechanical 
and tribological performance. Following development of hydrogels demonstrating significant interstitial 
fluid support the boundary lubrication was studied by measuring friction and wear. The same model 
SFs as used in the preceding static and dynamic tests on CoCrMo were used here.  
The aim of this investigation was to develop silk fibroin hydrogels with suitable properties to be used 
as cartilage scaffolds and to determine the mechanisms of lubrication for such materials.  
6.1 Introduction 
Many joint problems start with local defects in the articular cartilage [27,239]. Whilst a joint 
replacement is a relatively safe and successful procedure, it is an invasive procedure with a long 
recovery time [1]. There is considerable interested in delaying total joint replacement by repairing 
localised cartilage damage, particularly for younger and more active patients who are more likely to 
need revision surgery [240].  
Cartilage is avascular, so does not have the nutrient supply needed to regenerate damaged tissue 
[27,241]. If the cartilage defect reaches the underlying bone, stem cells can be released from the 
bone marrow from which new cartilage can form. This is the basis of some surgical techniques such 
as microfracture, where the bone marrow is stimulated [242]. The quality of the repaired cartilage is 
dependent on many factors. Often fibrocartilage is formed rather than the usual hyaline cartilage that 
lines the joints [243]. Fibrocartilage is denser than hyaline cartilage, and offers less load support, 
which can lead to further damage and defects occurring [243]. 
In an effort to control the type of cartilage that forms, cartilage scaffolds have been developed by 
several groups [26,159,244]. These scaffolds are seeded with cells from which new hyaline cartilage 
can form. The ideal scaffold will provide sufficient mechanical support and lubrication for normal joint 
function during regeneration of the articular cartilage [29], but will then degrade leaving only the 
healthy cartilage behind. The general focus in developing cell scaffolds has been growth of cells with 
the required mechanical properties, with less attention paid to the friction and wear characteristics 
[29,160,245]. 
Hydrogels are promising materials for cartilage scaffolds as they have a similar structure and 
mechanical properties to cartilage, as noted as early as 1973 by Bray and Merrill [246]. Hydrogels are 
three-dimensional networks of hydrophilic polymers that swell in water [26]. This mirrors the network 
of collagen and glycosaminoglycan polymers swollen in water that make up cartilage [247]. Like 
cartilage, hydrogels are biphasic; under compressive loading the fluid phase is exuded enhancing 
load support and lubrication [248]. From a tribological point of view, the biphasic nature of hydrogels 
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  (6.1) 
where W is the total load support, Wp is the load support by fluid pressure and φ the solid phase 
fraction of the contact area. The ratio Wp/W is known as the fluid load support fraction. 
To reproduce the interstitial fluid response of cartilage, fluid flow within a cartilage scaffold needs to 
be controlled. This is dependent on the hydrogel permeability, which is in turn dependent on the pore 
size and interconnectivity [260]. In open weave scaffolds, the fluid is not sufficiently constrained to 
provide load support [160]. In contrast, studies have shown hydrogels demonstrate stress relaxation 
due to interstitial fluid support [261]. Hydrogels have also shown a similar frictional response to 
cartilage, although with higher equilibrium friction coefficients [248].  
Here we aimed to develop a silk fibroin hydrogel with both mechanical and frictional responses similar 
to cartilage under physiologically relevant loads. As the compressive stiffness and interstitial fluid flow 
are both related to pore size, the design parameters were varied to give a range of pore sizes. The  
pore size is governed by many factors such as silk fibroin concentration, crosslinker concentration 
and the method of preparation [158,244,262]. Here we chose to vary silk and crosslinker 
concentration. Following the formation of hydrogels with reasonable functional properties we 
investigated the role of synovial fluid species in boundary lubrication of these scaffolds.  
6.2 Experimental program 
The overall aim of this chapter was to investigate the physical, mechanical and lubrication properties 
of silk hydrogels suitable for use as cartilage scaffolds. Firstly design properties of silk hydrogels were 
optimised to give appropriate mechanical and tribological function. Specifically, the design parameters 
of silk fibroin and crosslinker concentration were varied. The objectives were as follows:   
1 To fabricate hydrogels with a Young's modulus in the range of articular cartilage when fully 
hydrated 
2 To fabricate hydrogels that demonstrate interstitial fluid support, and hence replicate the frictional 
response of articular cartilage 
3 To assess the boundary lubrication of silk hydrogels by measuring friction and wear  
4 To correlate the silk fibroin hydrogel structure, mechanical properties and tribological response of 
silk hydrogels 
Previous work has shown the mechanical properties of the silk hydrogels are related to the pore size, 
which is in turn dependent on silk and crosslinker concentration [12]. Development work varied these 
parameters to find an acceptable system, close to cartilage. In the development stage small batches 
were prepared to cover a large range of parameters. Consequently not all tests were performed on all 
samples.  The second part of the work focused on the role of the SF species in effective lubrication of 
the system, using a fixed silk and crosslinker concentration.  
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6.3 Materials and methods 
6.3.1 Silk fibroin hydrogel preparation 
Silk fibroin was extracted from Bombyx mori silkworm cocoons according to the method of [158] and 
illustrated in Figure 6.2. Silk cocoons were cut into small pieces and boiled in a 0.02 M Na2CO3 
solution for 30 minutes. The resulting silk fibres were washed three times for 20 minutes in Milli-Q 
water under stirring. Excess water was squeezed from the fibres and they were left to dry overnight in 
a fume hood. Approximately 5 g of dry silk fibroin fibres were then dissolved in 20 ml 9.3 M LiBr 
solution at 60 oC for 4 hours in a water bath. The resulting solution was amber in colour. This was 
then dialyzed against Milli-Q water using a dialysis membrane with a MW cut-off at 3500 for 72 hours 
with regular changes of water. To concentrate the solution, it was then dialyzed against a 10 % W/V 
PEG (Sigma Aldrich, MW 10 000) overnight. The concentrated solution was then centrifuged twice for 
4 minutes at 4000 rpm. The concentration of the silk fibroin solution was determined by evaporating 
0.1 ml on a glass cover slip in a fume hood. Concentrated silk solutions were used immediately, or 
stored at 4 oC for up to 2 days. Whilst silk solutions can be stored for longer without degradation of the 
silk, due to the high concentration of these solution gels formed spontaneously if left for longer than 2 
days. 
 
Figure 6.2 Process of silk fibroin hydrogel preparation adapted from [158] 
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There are many methods to form silk hydrogels discussed in the literature. Here we use the technique 
of Fatih et al . [158] which was reported to produce hydrogels with a regular, interconnected pore 
structure and compressive modulus of up to 50 MPa. Silk solution was either used directly, or diluted 
with Milli-Q water to the desired concentration. Silk solution was mixed with poly-ethylene glycol 
diglycidyl ether (PEGDE) (Sigma Aldrich, MWn 532). The PEGDE concentration is expressed as 
mmol/g silk fibroin. A mould was prepared using a 5 mm thick PDMS sheet, press fit inside a glass 
petri dish. Holes were stamped in the PDMS sheet to create cylindrical moulds 12 mm in diameter, 4 
mm deep. The solution was then frozen at -20 oC for 24 hours in these moulds. After 24 hours the silk 
hydrogels were placed in excess Milli-Q water for 1 week to remove unreacted cross-linker and 
soluble fibroin. The water was changed every 24 hours. 
6.3.2 Hydrogel structure characterisation 
Pore size and morphology was examined using a Scanning Electron Microscope (SEM). Hydrogels 
were freeze-dried, and sputter coated with gold before examination at various magnifications with a 
JSM5610LV SEM (JEOL Ltd., USA). This procedure has been shown not to alter the hydrogel pore 
size significantly  from the hydrated state [158]. The average pore size was calculated using the 
image processing software Image J [263].  
 
 
Figure 6.3 Measuring pore size using ImageJ (a) Initial 200 x image (b) Converted to binary image 
using threshold filter (c) Pores defined using 'analyse particles' function (d) outline of pores applied 
over inital image 
Briefly, a 200x SEM image of the freeze dried hydrogel was converted to a binary black and white 
image, using the threshold filter of ImageJ. The analyse particles function was then used, restricting 
the smallest particle size area, dependent on a first approximation of pore size. This generates a map 
of the pore outlines, and gives a measurement of the area of each pore. The process is illustrated in 
a b 
c d 
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Figure 6.3. The results are exported and processed to calculate the average equivalent diameter, the 
distribution of pore diameters, the standard deviation and the standard error. 
6.3.3 Mechanical tests 
The prepared hydrogels were tested using a commercial multi-axis Mach-1 Mechanical Testing Rig 
(Biomomentum Ltd, Canada) under unconfined compression. Test samples were cored from the 
moulded hydrogels to give cyclinders with a 6 mm diameter and 5 mm length. The samples were then 
equilibrated in Milli-Q water for 30 minutes before testing. A pre-load of 0.1N was applied to ensure 
full contact of the hydrogel surface. The sample was allowed to relax for 10 minutes under pre-load 
before the test was started. A stress-relaxation test was then carried out. The sample was loaded to 
10 % strain with a ramp time 1 second corresponding to the 1 Hz cycle time experienced by joints. 
The strain was held constant for 30 minutes and the reaction force recorded. After testing the sample 
was unloaded and allowed to relax for a minimum of 1 hour before further testing. Further tests for 
each sample were conducted at 15 and 20 % strain at the same strain rate. The peak and equilibrium 
stress were plotted against strain and fit using a least-squares regression model to give the peak and 
equilibrium compressive moduli.  
The fluid load support fraction, Wp /W was estimated using the method of Stops et al.[264]. This 
method is a simple analytical method, which does not require the use of a complex FE model [264]. 
Using Stops’ method, the total load supported by the hydrogel is treated as independent contributions 
from the fluid pressure and the solid part of the hydrogel matrix, Ws such that: 
  (6.2) 
Under stress relaxation conditions, the peak load is supported by both the pressurised interstitial fluid 
and the hydrogel matrix, whilst the equilibrium load, Weq is carried by the hydrogel matrix only 
[252,258,265]. So at equilibrium, Ws is equal to Weq. Assuming the solid phase of the hydrogel is well 
approximated as a linear elastic solid, under constant strain Ws remains constant. As the strain is 
constant during stress relaxation, the value of the ratio Wp/W can then be calculated: 
 
 
(6.3) 
The assumption of a linear elastic solid matrix has been shown to be experimentally valid for  some 
hydrogels [248,266] and a reasonable approximation for cartilage [258,267]. 
6.3.4 Friction tests 
Friction was measured using a High Frequency Reciprocating Rig (HFRR), (PCS instruments Ltd, UK 
– Figure 6.4). The HFRR oscillates an upper specimen against a stationary lower specimen using an 
electromagnetic vibrator. Loading is applied via a deadweight. The HFRR operates between 10 - 200 
Hz, with stroke lengths ranging from 20 µm – 2 mm. Although the speeds are higher than 
physiological, this does allow more wear cycles to be conducted in a testing period. Tests were 
conducted at 10 Hz, with a stroke length of 250 µm, giving an average speed of 5 mm/s which is 
within the boundary regime for articular cartilage [247]. Test specimens 8 mm in diameter were cored 
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6.4 Results 
During the early development stage small batches of hydrogels were prepared to cover a large range 
of parameters. The mechanical response of these hydrogels was measured, as well as the friction 
response in Tris Saline buffer at pH 7.4. As a limited number of samples were prepared from the 
small batches not all tests were run for all combinations. Once a hydrogel with both reasonable 
mechanical and frictional properties was developed the boundary lubrication was more fully 
investigated using model synovial fluids. An overall summary of prepared silk hydrogels is given in 
Table 6.2. 
Table 6.2 Properties of all prepared silk hydrogels 
Silk 
Concentration, 
CSF (mg/ml) 
Crosslinker 
Concentration, 
CPEGDE 
(mmol/g) 
Pore Size 
(µm) 
Peak 
Compressive 
moduli (MPa) 
Equilibrium 
Compressive 
moduli (MPa) 
3.3 5 40.6 ± 2.6 0.102 ± 0.052 0.030 ± 0.004 
6.6 5 27.3 ± 1.0 0.400 ± 0.002 0.127 ± 0.007 
8.5 5 - 1.280 ± 0.351 0.160 ± 0.034 
9.3 5 26.1 ± 2.6 1.050 ± 0.082 0.174 ± 0.007 
9.6 5 14.5 ± 0.8 2.143 ± 0.250 0.276 ± 0.023 
10.5 5 - 2.700 ± 0.234 0.295 ± 0.016 
8.5 3 - 0.576 ± 0.003 0.180 ± 0.012 
9.6 3 Sheet like 0.949 ± 0.017 0.191 ± 0.009 
10.3 3 20.9 ± 0.8 0.701 ± 0.098 0.088 ± 0.017 
9.6 7 8.9 ± 0.7 2.553 ± 0.286 0.232 ± 0.009 
3.3 10 27.3 ± 1.0 0.077 ± 0.001 0.024 ± 0.002 
6.6 10 22.5 ± 1.1 0.437 ± 0.042 0.085 ± 0.002 
8.5 10 4.4 ± 0.1 0.803 ± 0.050 0.100 ± 0.006 
 
6.4.1 Pore size and structure 
On examination by SEM one sample had a sheet like structure, whilst all other samples had 
interconnected pores (Figure 6.5). This sample had a low PEGDE concentration, CPEGDE of 3 mmol/g, 
and so potentially less crosslinks between silk fibroin chains. This is consistent with the observation of 
sheet like structures in silk fibroin hydrogels that are associated with a reduced number of crosslinks 
[262].  
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Figure 6.5 Silk fibroin hydrogels as imaged by SEM at 100 x magnification. The left image shows a 
sheet like structure, whilst the right image demonstrates the interconnected pore structure 
The relationship between pore size and silk concentration, CSF is shown in Figure 6.6 (a). This graph 
shows that average pore size decreased with increasing silk concentration, consistent with the 
findings of Ak et al. [158]. Increasing the CPEGDE from 5 mmol/g (■ symbols) to 10 mmol/g (● symbols) 
also contributes to a reduction in pore size, although this effect is secondary to increasing the CSF. At 
a fixed CSF, increasing CPEGDE also increases the total concentration of solid constituents, CS of the 
hydrogel. CS is plotted against the average pore size in Figure 6.6 (b), showing the pore size is more 
closely correlated with this combined variable.   
 
Figure 6.6 Relationship between average pore size and (a) silk fibroin concentration, CSF (b) total 
concentration of silk and PEGDE, CS.  CPEGDE indicated by different symbols.  
6.4.2 Mechanical properties 
Typical stress relaxation curves are shown for hydrogels in Figure 6.7. From these curves a peak and 
equilibrium compressive modulus are determined. The peak modulus is a measure of the mechanical 
stiffness of the matrix combined with the interstitial fluid support, whist the equilibrium modulus is 
dependent on the matrix stiffness only [267]. The amount of relaxation is dependent on fluid flow, and 
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the viscoelasticity of the matrix itself. All hydrogels show some stress relaxation, unlike similar tests 
on open woven scaffolds [160].  
 
 
Figure 6.7 Typical stress relaxation curve for hydrogels at 10 % strain 
The relationship between the fluid support and pore size is shown in Figure 6.8. As the pore size is 
reduced the fluid load support fraction increases. A linear fit is shown in Figure 6.8, with the coefficient 
of determination, R2 = 0.73. 
 
Figure 6.8 Fluid load support fraction relative to hydrogel pore size 
Plotting the average pore size against equilibrium modulus for all samples we see there is a general 
trend of increasing stiffness with decreasing pore size, but there is not a strong correlation (Figure 
6.9). However if we chose a fixed CPEGDE, we see that there is a strong relationship between the 
equilibrium compressive modulus, reducing pore size and CSF (Figure 6.10).  
An Investigation of the Boundary Lubrication of Silk Fibroin Hydrogels 
 
123 
 
 
Figure 6.9 Equilibrium modulus as a function of pore size. CPEGDE indicated by different symbols 
 
Figure 6.10 Equilibrium modulus as a function of (a) silk fibroin concentration (b) pore size at 5 
mmol/g PEGDE 
The relationship between crosslinker and equilibrium stiffness is less straightforward. There appears 
to be an optimum at CPEGDE 5 mmol/g (Figure 6.11) at CS 8.5 wt % and above. This finding is in 
contrast to Ak et al. [158] who reported increasing compressive strength with increasing CPEGDE.. 
 
Figure 6.11 Equilibrium modulus as a function of PEGDE concentration. Different symbols represent 
silk fibroin concentrations. 
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The optimal friction performance occurs with both the lowest µeq, and highest Wp/W. As increasing silk 
concentration above 8 wt % reduces µeq and increase Wp/W, the friction response can be said to be 
improved by increasing the silk concentration. 
6.4.4 Wear and surface damage 
Batch 9 test specimens were examined before and after friction testing by measuring the surface 
roughness. The silk and PEGDE concentrations for these samples are given in Table 6.3. The pore 
structure of the samples is prohibitive to examination by AFM, or even optical microscopy as the 
depth of the pores is several microns. The coating process used for SEM, stops the examination of 
samples before and after wear. We found WLIF gave a reasonable measure of the surface 
roughness, although some loss of information was observed.  
Table 6.3 Batch 9 sample properties 
Batch 9 Sample Silk Fibroin wt %  PEGDE (mmol/g) 
A 8.1 7 
B 8.1 5 
C 8.1 3 
D 8.8 5 
E 7.5 5 
F 7.0 5 
 
All samples were moulded against a glass petri dish in an effort to give smooth surfaces which would 
be easier to image with WLIF. Samples B-F had a statistically similar surface roughness before 
testing, with an average RA of 2.2 ± 1.5 µm, whilst sample A had a significantly higher surface 
roughness of 7.5 ± 0.8 µm (ANOVA, p <0.05). 
Following testing the surface roughness was again measured. After friction, samples had a less even 
appearance, with some areas showing increased fibrillation of the surface (Figure 6.15). These 
changes did not cover the whole sample.  
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Figure 6.19 WLIF measurements before (top images) and after (bottom images) testing of silk hydrogel in model 
synovial fluid. All images are from the same samples showing variations in local surface morphology. Image area 
0.57 x 0.43 mm  
6.6 Discussion  
The overall aim of this chapter was to prepare and investigate the properties of silk hydrogels suitable 
for use as cartilage scaffolds. This necessitated a development stage where hydrogels with 
reasonable mechanical and tribological properties were prepared, before the boundary lubrication of 
the hydrogels could be investigated. The method of Ak et al. [158] was used to prepare silk fibroin 
hydrogels as this method gave hydrogels with a reported compressive strength up to 50 MPa. 
Unfortunately this method takes approximately 5 days to prepare samples, plus a minimum of 1 week 
for washing samples. Batch sizes are relatively small with approximately 10 ml concentrated silk 
solution prepared per batch. Due to small batches sizes, and the long preparation time not all tests 
were performed on all samples but sufficient samples were tested to establish a trend.   
6.6.1 Hydrogel structure 
The large pore size of the hydrogels prohibits imaging by optical microscopy, as the pores are larger 
than the focal depth. To characterise pore size, hydrogels were freeze-dried, gold coated and imaged 
using an SEM. This process has been reported not to alter the pore size where gelation has occurred 
prior to drying [262] as is the case for these samples. The images were then processed using ImageJ 
as described in section 6.3.2 to extract pore size. This process was adopted to reduce the subjectivity 
of the measurements.  
The pore size is important as it has implications for both the functional properties of cartilage scaffolds 
and tissue growth [157,260]. The mechanical strength of scaffolds generally increases with 
decreasing pore size, as smaller pores act to distribute stress more evenly and to stop crack 
Before 
After 
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propagation [262]. Pore size is also related to the permeability of the material, which is important in 
controlling the interstitial fluid contribution to the function of cartilage [264,267]. Generally smaller 
pores result in a  lower permeability as there are more barriers to fluid flow, although this also 
dependent on pore geometry and interconnectivity [157]. Cartilage has a low permeability, associated 
with high fluid load support and low friction. Hence both mechanical properties and the frictional 
properties are improved by reducing the pore size.  On the other hand, a larger pore size is beneficial 
for cell growth. The ideal pore size for cartilage reported as being between 250-500 µm [268,269], 
although chondrocytes have been successfully cultured on scaffolds with pore size as small as 12 µm 
[160]. This evidence highlights the importance of controlling pore size in scaffold development. 
Generally the pore size was shown to decrease with increasing silk concentration, and also decrease 
with increasing crosslinker consistent with results by other authors [158,256,262]. The larger of these 
effects was an increase in the silk concentration.  Combining the silk and PEGDE concentrations as a 
single variable, (giving the total concentration of the solid constituents of the hydrogel) and plotting 
this against average pore size, showed a closer correlation than the silk concentration alone. This 
suggests that as long as the total concentration of silk and PEGDE remains constant, the ratio 
silk:PEGDE can be varied but the average pore size will remain the same.  
The chosen method of hydrogel preparation is based on the process of cryogelation, where the 
gelation of the hydrogel occurs after the water in the solution has frozen [270]. In this case the 
interconnected pore structure is formed around ice crystals [158,271]. As the concentration of solids 
in the hydrogel increases, the water content decreases. With less water, the ice crystals are smaller, 
leading to a smaller pore size.   
One sample showed a sheet like morphology Figure 6.5. This structure has previously been linked to 
low crosslink density [262], which is consistent with the low PEGDE concentration of 3 mmol/g in this 
sample. With an increase in the silk concentration a porous structure was formed. 
6.6.2 Mechanical properties 
Unconfined compression tests showed all samples had significant stress relaxation, related to fluid 
load support. The maximum fluid load varied was highest for samples with a small pore size, 
decreasing with increasing pore size.  
Fluid load support is related to the permeability of the hydrogel, where permeability is the ease with 
which fluid can flow through the structure [157]. The relationship between fluid flow, permeability and 
pressure is described by Darcy’s Law: 
  
 
(6.4) 
 where q is the volumetric flow rate, k is the permeability, A the cross sectional area,  p is the pressure 
drop across the sample, µl is the fluid viscosity and l is the sample length. For the same flow rate, a 
lower permeability can support a larger pressure difference.  Hence a hydrogel with a lower 
permeability will give a higher load support. As decreasing the pore size for the silk hydrogels 
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increased the fluid pressure, we can conclude the decreasing pore size decreased the hydrogel 
permeability. This is supported in the literature [153,272].  
The equilibrium compressive modulus of the hydrogels increased with decreasing pore size at a fixed 
PEGDE concentration. The highest compressive modulus achieved here was 0.295 MPa, which is on 
the low side of the range reported for cartilage (0.1-1.3  MPa [247,251,252]).  
As both the fluid support and compressive stiffness increased with reducing pore size, this suggests 
the best mechanical properties will be achieved at smaller pore sizes, which can be achieved by 
increasing silk concentration. The silk concentration was limited here by difficulties in processing the 
silk protein. More concentrated silk solutions have a tendency to gel during preparation [273], but 
results have been reported elsewhere with silk concentrations of 16 wt % and above [262]. 
The protocol adopted here to prepare silk fibroin hydrogels is based on work by Ak et al. [158] who 
found increasing compressive stiffness with an increasing crosslinker concentration up to 30 mmol/g, 
at a fixed CSF of 4.2 wt %. Here we found that at higher CSF there was an optimum CPEGDE at 5 mmol/g 
PEGDE. This optimum was despite the pore size decreasing with increasing PEGDE concentration 
above 5 mmol/g. The compressive strength of the porous materials depends on both the pore size, 
but also on the properties of the solid phase. An optimum CPEGDE suggests that there are competing 
effects of increasing the CPEGDE on equilibrium stiffness, illustrated graphically in Figure 6.20. The 
relative importance of these effects will define the optimum value. 
The relative ratio of CPEGDE / CSF has been shown to alter mechanical properties in silk membranes 
[274], also showing an optimal ratio for maximum compressive properties. This reduction in 
mechanical properties may be due to phase separation of PEGDE and silk at high PEGDE 
concentrations, leading to stress concentrations and local defects [275]. 
 
Figure 6.20 Schematic showing competing effects of increasing PEGDE concentration 
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6.6.3 Friction of silk fibroin hydrogels  
The friction of hydrogels has been reported to be influenced by many factors including but not limited 
to the applied load [245,276], surface contact area [277], hydrogel stiffness [248,278] and fluid load 
support [154].  In developing suitable hydrogels for cartilage scaffolds we have varied the 
concentrations of silk and PEGDE. These factors will contribute to changes in the surface contact 
area, stiffness and fluid load support as discussed below. 
6.6.1.1 Surface contact area 
The friction of hydrogels has been shown to be related to the area in contact, A such that : 
  (6.5) 
where F is the friction force, and P is the pressure and α is between 0-1 depending on the gel 
structure [277]. For cartilage the model of Ateshian (equation 6.1) also includes a dependence on the 
fraction of the area of the surface in contact.  For a porous surface the area of contact at the surface 
is then dependent on the pore size, and pore wall thickness. To eliminate this variation all samples 
were moulded against a glass substrate to give a continuous surface, that would give full contact with 
the opposing surface [277]. As all hydrogels had the same surface area, the µeq was not correlated 
with changes in the silk or PEGDE concentrations. 
6.6.1.2 Hydrogel stiffness 
Here with increasing silk concentration we see an increase in the Equilibrium compressive modulus, 
which follows a linear relationship. In contrast, the relationship between µeq and silk concentration is 
described by a 2nd order polynomial. This implies the relationship between friction and hydrogel 
stiffness is also described by a 2nd order polynomial. This complex relationship may be due to testing 
at a different % strain for each hydrogel. As we have tested with a fixed load, softer hydrogels will be 
more compressed which may act to increase their effective stiffness. 
The friction of hydrogels has been shown by different authors to either increase with stiffness 
[248,278], decrease with stiffness [279] or not be correlated with stiffness [280]. It is possible these 
discrepancies are due to difference in test configurations [278] or the properties of different hydrogels 
[277].  This difference in behaviour also supports the need for both mechanical and tribological testing 
of new scaffold materials. For the hydrogels tested here above a CSF of 8 wt %, the friction decreases 
so that to improve the frictional response the CSF should be maximised. 
6.6.1.3 Fluid load support 
The low friction response of cartilage is dominated by the interstitial fluid, and so replicating this 
mechanism is key to achieving a low friction for cartilage scaffolds [248]. The results here show that 
fluid load support is enhanced with reducing pore size, as discussed in 6.5.2.  
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6.6.4 Wear of silk fibroin hydrogels 
There is no consensus on how to measure hydrogel wear in the literature [276,281,282]. WLIF has 
been successfully used to assess cartilage and cartilage scaffold  damage under similar test 
conditions applied here [160,283] and so this methodology was adopted. Alternative measures for 
hydrogel wear include measurements of dry mass loss [276], wet or submerged mass [281] and 
sample dimension changes [152]. For significant mass changes to occur it is expected longer term 
tests, typically > 100, 000 cycles are needed [276], whilst assessing changes in sample height does 
not easily translate to wear volumes.  
Before friction all samples had a similar surface roughness, due to the fabrication process where the 
top surface was moulded against a glass petri dish. A flat surface was needed to ensure full contact 
with the opposing test specimen, but also improved visualisation of the sample surface for optical 
observation by reducing the depth of surface features. However, the increased surface contact 
associated with a flat surface may act to increase friction [284]  and adhesive wear [30]. 
Following friction tests, some samples showed a change in the surface morphology, which appeared 
to be an increased fibrillation. Fibrillation is a common form of surface damage observed for cartilage, 
tested for using indian ink [285]. Unfortunately indian ink cannot be used to assess silk fibroin 
hydrogel wear as the unworn hydrogel shows significant staining [286].  
Despite increased fibrillation for some samples, the measured surface roughness did not change in a 
consistent manner, with RA staying constant, increasing and decreasing depending on the sample. 
Northwood et al. have demonstrated similar inconsistent changes in surface roughness for cartilage 
samples [154] for frictional testing, whilst McGann et al. have shown cartilage fibrillation is not strongly 
correlated with changes in surface roughness [285]. 
Both the small magnitude and lack of trend in changes to the surface roughness suggest a small 
amount of volumetric wear occurred. Volumetric wear rates for hydrogels have been reported by 
Baykal et al. at around 0.025 mm3/ million cycles [281] (adjusting for the stroke length used here of 
250 µm). At a similar wear rate we would expect to see a reduction in height of the samples tested 
here of less than 1 µm. This suggests the testing protocol was too conservative to achieve 
measurable wear, and future testing should be continued over a longer timescale. As significant wear 
was not observed for any sample, a hydrogel for further testing was selected based on the friction 
response.  
6.6.5 Boundary lubrication of silk fibroin hydrogels 
A range of model synovial fluids were used to test the effect of SF proteins and lipids on the boundary 
lubrication of the silk hydrogels. Theses fluids had no statistical effect on either the friction or wear of 
the hydrogels after 1 hour of shear testing. 
This result is surprising and in contrast to results by Murakami et al. on PVA hydrogels and cartilage 
[63,127] that have shown the equilibrium friction is reduced in solutions containing albumin and 
DPPC. Lower friction has also been measured for HEMA hydrogels in DPPC solutions [109], whilst 
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lipid type has also been shown to alter µeq for cartilage samples [122]. More generally, Katta et al. 
have shown the lubricant affected hydrogel friction with SF giving a lower friction than bovine serum 
for PVA/PVP hydrogels [276]. 
Both albumin and globulin have been shown to adsorb on silk fibroin membranes under static 
conditions [287,288] so the lack of any effect of SF proteins or lipids on hydrogel friction here 
suggests they do not stay at the hydrogel surface. This may be due to diffusion into the surface, or 
removal from the surface. 
For cartilage, liposomes that were retained at the surface because of their size reduced friction, whilst 
those that did penetrate the surface did not [110]. The mechanism of boosted lubrication as proposed 
by Walker [35], is also based on a thick boundary layer trapped at the cartilage surface which is 
impermeable to proteins and lipids [35]. For the hydrogels prepared here the surface shows 
significant pores which would allow proteins and lipids to move into the hydrogel, so that a thick 
boundary layer does not form.  
Alternatively the strength of the adsorption may be such that the flow of interstitial fluid removes the 
adsorbed proteins [289], preventing them from acting as boundary lubricants. Another possibility is 
that fluid interstitial fluid flow, creates a more turbulent flow that acts to inhibit the formation of protein 
aggregates [290] so that PAL cannot occur [22]. 
A number of reasons have been suggested here why SF proteins and lipids do not alter the 
lubrication of these hydrogels. To determine which of these is the significant reason further work is 
needed. 
6.6.6 Optimising both mechanical and tribological function of silk fibroin hydrogels 
Here, both the compressive stiffness and frictional response are improved by an increasing silk 
concentration, and reduced pore size. However, the stiffness of hydrogels prepared here, whilst in the 
range for cartilage is on the low side of that range. Further reductions in the pore size would prevent 
the use of these materials as scaffolds, as a minimum pore size is needed for cell growth. An 
alternative strategy may be to use a different crosslinker. Here PEGDE with an average molecular 
weight of 526 has been used. Using shorter chained polymers, such as Ethylene glycol diglycidyl 
ether, EGDE might reduce the impact of crosslinker concentration by reducing the chance of phase 
separation (as discussed in section 6.5.2), or an alternative crosslinker may improve total mechanical 
properties [275].  
The maximum interstitial fluid support found here was 90% of the total load for unconfined 
compression tests, whilst values of 100% have been measured for cartilage [265]. To improve the 
hydrogel fluid support, without further decreasing pore size the formation of structured hydrogels 
[159,291] could be investigated. By introducing anisotropy in the structure, interstitial fluid support can 
be increased [248,265,292].  
Finally, the µeq of the prepared hydrogels is still considerably higher than cartilage. A reduction in µeq 
may be achieved by forming a smoother, less permeable surface that would trap boundary lubricants 
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such as proteins and lipids. This might be achieved by modifying the moulding surface [245,277], or 
using a temperature gradient [293]. Alternatively, chemical modification to encourage adsorption or 
retention of proteins at the surface may be possible [288,294] . 
6.7 Conclusions 
A range of hydrogels were prepared with an interconnected pore structure. The pore size decreased 
as a function of the water content of the hydrogel.  
Hydrogels with a comparable compressive modulus to articular cartilage were formed from silk fibroin. 
These hydrogels increased in stiffness as a function of pore size. Whilst compressive stiffness 
improved with increasing silk concentration, there is an optimum crosslinker concentration of 5 
mmol/g PEGDE.  
The prepared hydrogels showed significant interstitial fluid support, under static loading and during 
shear. The frictional response of the hydrogels was dominated by this interstitial fluid support, giving a 
cartilage like response.  The level of fluid support, and hence the frictional response was improved by 
decreasing pore size. 
Following frictional testing hydrogels showed very little wear, the first stages of which were changes in 
the surface morphology. These changes did not correlate with the equilibrium friction coefficient, 
showing that wear and friction should both be measured to assess the tribological performance of 
hydrogels.  
Reducing pore size improves both the frictional response and the mechanical stiffness of silk fibroin 
hydrogels, so that there is no competition between these factors. However, the pore size is limited by 
the requirements of cartilage scaffolds to have pore sizes suitable for cell growth. 
Testing in a range of model synovial fluids showed that SF proteins and lipids had no effect on the 
friction or wear of the silk scaffolds, and so did not form an effective boundary film. Possible reasons 
for this surprising result have been discussed. 
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7 General Discussion 
7.1 Introduction 
In the introduction to this thesis it was highlighted that there is a need to formulate a model synovial 
fluid that more closely replicates the lubrication behaviour of SF. A significant barrier to defining such 
a fluid is that the mechanisms of boundary lubrication in synovial fluids are not fully understood. 
Questions that are still unanswered include: 
 How do SF boundary films form? 
 What is the chemical composition of SF boundary films? 
 How do SF boundary films provide surface protection and load carrying? 
 How stable are SF boundary films? 
 What causes SF boundary films to break down? 
These questions will be addressed in the following sections. Recommendations for the formulation of 
model synovial fluids based on the findings of this work will also be discussed. 
7.2 How do boundary films form? 
In this work two types of film have been observed to form. Adsorbed films formed under both static 
and rolling conditions, and thicker deposited films formed only under shear and load. Static 
measurements demonstrated adsorbed films to be homogenous at the macroscale and include all the 
species in the mixed fluid. Measurements of adsorbed films under rolling also demonstrated that 
these films are uniform across the contact. Under loading they are thinner than predicted from QCM 
measurements, which is consistent with water being squeezed out of the film. This is in agreement 
with the measurements made under static conditions that show the protein films are hydrated, and is 
consistent with literature that  reports hydrated protein layers form on hydrophilic surfaces [17]. 
During rolling tests thicker films form. These films are formed from aggregated SF species that collect 
in the inlet to the contact [22,86]. The high concentration of proteins that collect in the inlet cause a 
local increase in viscosity [22] which leads to thicker films as predicted by EHL lubrication theory [30], 
and is similar to the surface fractionation discussed by Spikes [54]. The aggregated proteins are then 
entrained into the contact, forming thick films that separate the contact surfaces. Some of this thick 
layer is deposited on top of the underlying adsorbed film and can be observed after testing.  The 
complexity of this mechanism is illustrated in Figure 7.1. 
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particularly albumin adsorption has been shown to be reduced on Al2O3 oxides [295,296], so thinner 
films would be predicted to form.  This has been confirmed in the same rolling system as used here 
by Vrbka et al. [23] who found aggregated protein films to be thinner on Al2O3 than CoCrMo.  
As SF macromolecules have been shown to adsorb to silk fibroin under static conditions [288] it is 
expected that a thin adsorbed film would form on the hydrogel surfaces. Unfortunately it was not 
possible to directly observe this under the testing conditions used here. The boundary lubricants 
containing proteins did however, have a higher equilibrium friction coefficient suggesting there was 
some change to the hydrogel surface. In contrast to thin adsorbed films, the thick deposits observed 
by optical microscope for CoCrMo surfaces should be visible under the WLIF and yet were not 
observed to form following testing in any lubricant on the silk hydrogels. The formation of thick, 
aggregated films is dependent on a concentrated volume of proteins trapped in the contact inlet 
[22,86]. The permeable nature of the porous hydrogel may mean the surface does not sufficiently 
restrain proteins to form an aggregated film. This is unlike cartilage which is impervious to SF 
macromolecules, trapping them at the surface to form a thick gel like layer [35].  
Alternatively, the reciprocal nature of the testing on the silk hydrogels may also influence the 
formation of deposited boundary films. The formation of aggregated protein films has been shown to 
be sensitive to the kinematics of the contact [23]. For rolling tests, the fluid flow is always in one 
direction, which allows an aggregated film to form in the inlet. If the flow direction is reversed this may 
slow or disrupt the aggregation process, so thick deposited films do not form [22]. In an artificial joint, 
the contact reciprocates, but not directly back and forth [297]. This is between the two extremes 
tested. Obviously more work to understand the effect of the motion path on the formation of 
aggregated protein films is needed. 
Another consideration of the testing conditions on the mechanism of formation is the time spent 
outside of the contact, when adsorption can occur. At the average rolling speed of 10 mm/s, the disc 
and ball speeds makes one rotation approximately every 25 and 6 seconds respectively. This is time 
in which further adsorption from the bulk solution can occur. In a joint simulator with a cycle time 1Hz, 
the time for replenishment of the adsorbed layer is reduced, which may result in a thinner aggregated 
film and less wear protection. 
7.3 What is the chemical composition of SF boundary films? 
Determining the composition of the boundary films allows us to specify model fluids that will 
reproduce that composition. Unfortunately the results here have shown there is no single answer to 
this. The composition of the lubricating film is dependent on the composition of the adsorbed film. The 
composition of the adsorbed film is in turn dependent on both the properties of the solution, including 
macromolecule content, pH and the surface properties.  
Using both QCM and fluorescence it has been shown here that the adsorbed films are composed of a 
mixture of all SF macromolecules in the model fluid, as well as a significant amount of water. The 
relative surface concentration of each SF species is determined by competition for adsorption sites 
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[40,214]. Here the effects of pH and surface on competitive adsorption have been demonstrated. 
QCM measurements have shown that for silica surfaces, a rise in pH reduces the total mass of 
protein adsorbed and increases the viscoelastic response of the layer. Complementary fluorescence 
measurements have then shown that the ratio of albumin:globulin increases on silica with an 
increasing pH. As albumin has less mass, and is more hydrated than globulin this accounts for the 
changes in the properties measured by QCM. The implication of these changes is that the variation in 
SF pH between patients [298], or changes in pH due to disease states [66] will affect lubrication. 
Although not investigated here, it is demonstrated in the literature that competitive adsorption of 
albumin and globulin also depends on the relative concentrations of the proteins [128,214], and the 
time allowed to reach equilibrium [40,129]. As globulin is the larger protein it is energetically 
favourable for the system for more globulin to adsorb than albumin [129,214], yet albumin diffuses 
faster and so is more likely to reach the surface first. A higher globulin:albumin ratio increases the 
chances globulin will reach the surface first and so will increase the adsorbed globulin concentration, 
which has been shown here to lead to thicker lubricating films. Thicker films have been shown to 
provide more wear protection [21]. BCS has a higher globulin:albumin ratio than diseased SF, which 
is again higher than healthy SF [9,299]. This suggests that BCS may offer artificially high levels of 
wear protection.  
Previous investigations of explanted CoCrMo hip joint surfaces have shown significant amounts of 
proteins and lipids are found in dried deposits [8,18,82,104]. Gel electrophoresis, which separates 
proteins based on their size has been used to determine which proteins adsorb on implant materials 
from plasma and synovial fluid solutions [20,300]. These results have shown that the adsorption is 
non-specific with many of the proteins in the fluid adsorbing. Adsorbed films formed on CoCrMo 
contain proteins with molecular weights corresponding to albumin and globulin, but also significant 
amounts of other proteins.  
If all the macromolecules in SF adsorb, then this suggests our model fluid should contain all the 
macromolecules. This is obviously not practical. A second consideration might then be how important 
is the exact chemical composition, or can a few proteins and lipids approximate the properties of all 
the SF proteins and lipids?   
Here, a significant difference was found between the adsorbed properties and film thicknesses for 
albumin, globulin, and mixed protein solutions. These proteins are different in size, charge and 
hydration [214], and have been shown to have different friction and wear properties at physiological 
concentrations [63,120,301]. The variation in these properties suggests that one of them would not 
readily approximate another.  
However, albumin may be able to approximate other proteins. Mixtures of albumin and two 
glycoproteins, alpha-1-acid glycoprotein (AGP) and alpha-1-antitrypsin (A1AT) were studied by Roba 
et al. [20]. They found that although glycoproteins alone form layers with lower friction, when co-
adsorbed with albumin, the properties of the adsorbed albumin dominated. This initially suggests 
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these proteins could be approximated by albumin, but this should be confirmed with further 
measurements which consider wear as well as friction. 
In this work two PC lipids were used; the saturated lipid DPPC and unsaturated POPC. Despite 
differences in their adsorbed layer properties, the film thickness results were the same. This was 
attributed to destruction of lipid structures when passing through the contact. Unless these lipids form 
continuous structures the difference in their lubricating properties [51,107] is not apparent.  However, 
the inclusion of lipids did reduce the overall film thickness when compared with globulin or mixed 
protein solutions without lipids. This was related to the inhibition of protein adsorption, both through 
competition for adsorption sites and the resistance of the zwitterionic headgroup to proteins [206]. The 
reduction of the film thickness by lipids suggests they are a necessary part of a model synovial fluid. 
When considering the chemical composition of the boundary film tribocorrosion should also be 
considered. Tribocorrosion is known to occur for CoCrMo in protein solutions in the presence of salt, 
causing the release of metal ions from the implants [302,303]. This leads to increased ion levels in 
both the lubricating fluid, but also in the blood of patients which can lead to other complications [302]. 
The timescale of tribocorrosion is longer than the experiments conducted here [302], and so was not 
considered in the analysis of the measured films. However, the phenomenon will be relevant for joint 
simulators, and operation of joints in the body. Metal ions released from the joint surfaces can form 
complexes with proteins [148] which can denature proteins or cause them to precipitate from solution 
[162]. This may in turn affect adsorption and aggregation of proteins and so their ability to lubricate in 
the manner described here. 
Recent investigations of SF boundary films on MOM systems have found graphitic material deposited 
on the joint surfaces [18,113]. It has been suggested that due to shear, pressure and metal-protein 
interactions, proteins are degraded and broken down to form carbon rich films [18]. When examined 
using Transmission Electron Microscopy and Raman these layers exhibited spectra corresponding to 
the signature of graphitic materials [18]. Simultaneous testing of dried protein films was conducted to 
ensure this was not an artefact of drying protein deposits. 
No evidence of graphitic materials was found here. The solid like protein layers are reported to 
strongly adhere to the surface, unlike the films observed here which are easily removed and 
replenished. Also Raman spectra (chapter 5) of the deposited films did not show the characteristic D 
and G peaks of graphitic materials. It may be that the tests here were too short term to see the protein 
degradation needed to form these solid like layers. Alternatively, the graphitic deposits have only 
been found for MOM systems [18,82,148], and may be due to the electrochemical behaviour in this 
type of system. In the tests here where the silica surface acts as an insulator, this type of solid deposit 
may not form. 
7.4 How do SF boundary films provide surface protection and load carrying? 
In Chapter 2, accepted mechanisms of boundary lubrication were discussed. Adsorption lubrication, 
the mechanism by which oil additives such as steric acid are believed to act [45,47] is based on a 
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highly structured, closely packed surface layer that restricts shear to a fluid layer between the contact 
surfaces. 
This mechanism is unlikely to occur with adsorbed proteins due to their irregular shape, 
compressibility and size variation. In contrast, lipids can form closely packed, regular structures 
resistant to compression [64,107], which would allow the mechanism of adsorption lubrication to occur 
[52]. Several authors have suggested lipids can provide lubrication in artificial joints mechanisms 
based on the hydration of either lipid bilayers or closely packed vesicular layers [51,52,104,304]. In 
either case, the mechanisms rely on continuous structures. 
Here no evidence is found to support the formation of continuous bilayers or vesicular layers in mixed 
protein solutions, in either static or rolling experiments. In particular the formation of vesicular layers 
has not been observed either statically in mixed solutions, or under rolling. During rolling lipid vesicles 
of 100 nm are not easily entrained into the contact at low speeds, and on entering the contact the 
reduction in height indicates extreme distortion which is likely to result in rupture of the vesicle [51]. 
The rupture of vesicles may be in part due to the contact pressures here which are high compared to 
the average pressures in MOM joints. However, based on work of Patty and Frisken [305] the 
minimum pressure to rupture POPC vesicles is approximately 0.6 MPa, which would be exceeded in 
artificial joint systems. DPPC vesicles are more stable, but have been shown to rupture at pressures 
in the range 6-8 MPa at low shear rates [51], which are again exceeded in artificial joints [306]. 
The finding here that lipids do not form continuous structures in mixed protein and lipid solutions is 
consistent with work by Trunfio-Sfarghiu [109] that found even preformed lipid structures were 
removed from metal surfaces in the presence of proteins. 
The thick aggregated films found here are consistent with the films seen by Myant et al. [22] that 
separate the surfaces due to an increased viscosity. The thicker films will separate the surfaces so 
that the asperities do not come into contact, which will reduce abrasive and adhesive wear. This was 
verified experimentally by Fan et al. [21]. It has been shown here that thicker films are related to the 
mass of adsorbed protein but also show some correlation with the measured viscoelastic properties, 
and the associated hydration. It was found films that are less viscoelastic, are less hydrated and are 
thicker (R=0.895), which may be due to the compressibility of the proteins. Hydrated proteins have 
been shown to have a reduced Young’s modulus [211], so that under loading proteins that are more 
hydrated are compressed further. The increased compressibility has been suggested to be a result of 
water being expelled from the protein under pressure [190]. Although hydrated proteins may offer less 
wear protection, they have been related to lower friction [17,20,76]. This is attributed to the low shear 
strength of the hydrated protein layer [20,211].  
The results here have shown with increasing pH, films that are thinner but have increased hydration 
are formed. It is then expected that at a higher pH the films will produce a lower friction. Similar work 
by Mavraki and Cann [120] experimentally confirmed this relationship for mixed solutions of albumin 
and globulin on a steel surface.  
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On silk hydrogels, the inclusion of all SF macromolecules slightly increased the equilibrium friction 
coefficient when compared with Tris buffer alone. It is possible that adsorbed proteins and lipids at the 
surface trap less water than the highly hydrophilic silk [307], and so actually decrease the hydration of 
the surface, with an associated increase in friction.  
The results discussed here suggest that thick films prevent wear, but at the cost of high friction. Thin 
films, which are more hydrated have low friction but are less effective at preventing wear. This may 
actually be an optimum system when considered in the context of joint operation. When the joint is 
static, or for areas of the joint that do not often experience loading the time for adsorption is longer. As 
a consequence of the Vroman effect [129], the globulin concentration in these areas will be higher so 
that a thicker film forms. This thicker film will offer more wear protection, albeit with higher friction. As 
wear is more likely to occur at start up, or for areas not ‘run-in’ the thicker film is beneficial. Under 
continuous motion, the adsorption time is short, and a low shear layer of predominately albumin is 
formed. The low shear layer with reduced friction minimises the energy wasted in motion. 
7.5 How stable are SF boundary films? 
The stability of boundary films is critical to their performance. Under static conditions model synovial 
fluids formed films that did not desorb with rinsing. However, under applied load and shear both 
proteins and lipids were removed from the surface. The dynamic nature of removal and formation is 
consistent with a sacrificial mechanism of lubrication. It follows that the rate of replenishment will then 
dictate the stability of the boundary films [30]. 
The rate of adsorption is determined by the strength of the interaction between the surface and the SF 
species, which has been shown here to be affected by pH. The rate is also dependent on the 
concentration of different macromolecules. Therefore different patients, with different macromolecule 
concentrations, and different SF pH will have different boundary films that may be less stable, even 
when formed on the same type of prosthesis.  
The surface properties will also affect the stability of the boundary film. Protein adsorption is reported 
to be lower on other artificial joint surfaces, including Al203 and MPC coated polyethylene.  On these 
surfaces the films are more likely to break down as seen by Vrbka et al.[23] for Al203. On surfaces 
such as UHMWPE which are hydrophobic, more proteins are adsorbed  [198] which based on results 
here would act to increase film thickness, and produce more stable films. However, as the proteins 
are more rigidly attached to UHMWPE [17,76] they may not be easily removed to contribute to the 
aggregated film in the inlet. There is some evidence that despite strong hydrophobic interactions, 
proteins are removed from the UHMWPE surface under sliding [85] but measurements of film 
thickness in UHMWPE contacts are yet to be performed. 
7.6 What causes boundary films to break down? 
In rolling tests it was found the process of film formation was dynamic with adsorbed films being 
removed and reformed, and aggregated films passing though the contact and being replenished at 
the inlet. It follows that anything that inhibits this dynamic process would cause the boundary films to 
break down.  
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Testing here was conducted at a low and constant speed, in one direction. Sliding tests that 
measured similar films have shown with increasing speed the films are not replenished and are so no 
longer effective [22]. This was attributed to hydrodynamic drag forces inhibiting the formation of an 
aggregated phase at the inlet. A second effect of speed may be less time for adsorption to occur on 
the surface before it passes through the contact again. 
The effect of surface morphology may also be important. The lubricating films here are not strongly 
adherent to the surface, and Myant et al [22] demonstrated they can be disrupted by surface 
scratches. Some CoCrMo prosthesis include carbide structures that can protrude from the surface 
[113], which may then act to disrupt the aggregated films. 
7.7 Model synovial fluid formulation 
The motivation for understanding the mechanisms of boundary lubrication in model synovial fluids is 
to inform the specification of suitable fluids to be used for simulator testing [8,308]. Here a set of 
recommendations are given based on the results of the experimental testing performed here and 
information available in the literature. 
Ionic strength should be controlled at a physiological level 
Here ionic strength has been shown to affect the rate of protein adsorption, which has been shown to 
influence the lubricating film thickness under rolling. Dilution of BCS with water as recommended by 
the ISO standard reduces the ionic strength below physiological levels [299], and so would alter the 
dynamics of boundary film formation. A physiological ionic strength has also been shown by Brandt et 
al. [299] to improve the thermal stability of proteins, and so prevent excess aggregation which would 
influence boundary film formation. 
pH should be controlled, and the use of a healthy and diseased model considered 
pH has been shown to influence the kinetics of formation, the level of hydration, the relative SF 
macromolecular content and the thickness of boundary films. It follows that for testing to be consistent 
the pH should be fixed. 
As pH varies from patient to patient [66], between healthy and diseased SF [120], between different 
diseases [298] and after revision [298] specifying the most appropriate pH is difficult. The better 
approach may the use of two fluids, one at pH 7.4 representing both healthy fluids and some 
diseased cases and a second with pH between 8.1-8.4 which is more typically measured for 
periprosthetic fluids. 
Both the total protein content and protein ratios should match SF 
Here we have found that the competitive adsorption of albumin and γ-globulins changes the 
properties of the boundary lubrication films. As the process of competitive adsorption is dependent on 
both total protein content, and the relative concentrations it is recommended that these are fixed to 
allow fair comparisons across tests. 
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In this work the concentrations of proteins used were based on published literature. As with SF pH, 
the protein content changes from patient to patient, and for different diseased states. However, the 
most common cause for joint replacement is OA, and so this may be the most appropriate fluid to 
match. 
Previously Brandt et al [299] have compared calf serums with OA SF and made a recommendation 
that alpha-calf serum is the nearest match to OA SF. However, alpha-calf serum (ACS) is prepared by 
specifically removing the γ-globulins that have been shown here to be instrumental in thick film 
formation. Increased levels of γ-globulins are also a biological marker for many joint diseases  [309] 
which may indicate a particular role in lubrication for diseased joint. It is suggested that the use of 
alpha calf serum as recommended by Brandt [299,308] but with the addition of a controlled amount of 
γ-globulins would be the most appropriate lubricant. Based on total protein contents given in [299], 
this should be a solution of 75% ACS diluted with buffer to control pH and ionic strength, with the 
addition of 3 mg/ml γ-globulins although this should be checked with further independent 
measurements. This approach would only take a small amendment to the ISO standard, and so is 
probably more acceptable to researchers and companies than formulation from scratch of a model 
lubricant. 
Model fluids should include a minimum concentration of 0.1 mg/ml lipids 
The lipid content of SF is reported to vary between 0.1 mg/ml for healthy SF and up to a maximum of 
3.7 mg/ml for RA SF although the average content seems to lie around 0.5 mg/ml [98]. Even at the 
relatively low concentration of 0.1 mg/ml some effect of the lipid interaction with the proteins was 
observed which indicates they are an important part of a model synovial fluid. The actual lipid content 
of BCS is 0.8 mg/ml [98] although a similar measurement for alpha calf serum is not available.  
The tests performed here did not show any effect on the lubricating film on changing between a 
saturated or unsaturated lipid, and so does not support strict control of the phospholipid content. If 
Alpha calf serum contains a sufficient lipid concentration on dilution this would support its use as a 
model synovial fluid. 
Further considerations 
Phosphates, as found in PBS have been reported to competitively adsorb with albumin [173] and 
HEPES to change albumin adsorption relative to TrisHCL [138]. Yet here the buffer chemistry did not 
significantly alter films formed statically, or under and shear from albumin solutions. This suggests 
that the type of buffer could be left to the discretion of the investigator. Tris has been used here as a 
buffer previously used in the literature with a working range that covers the pH of healthy and 
diseased SF. Tris also demonstrates negligible binding of metal ions [118], which may be important 
when testing implants that release metal ions can induce protein aggregation [70]. The disadvantage 
of Tris is that it is relatively sensitive to temperature changes. 
In this work no microbial inhibitors were used as protein solutions were prepared and used within 
short periods of time. However, for simulators which are tested for extremely long cycle times 
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regulation of bacterial growth is a key consideration. Sodium azide which is the named microbial 
inhibitor in the ISO standard for wear testing of hips and knees [4] has been shown to interact with 
surfactants [310] which are similar to lipids. If this changes the interaction between lipids and proteins 
it might change the boundary film formation.  Further work is needed before conclusions on the use of 
such additives can be given. 
This work has highlighted the importance of the interactions between SF species in determining the 
boundary lubrication mechanisms that occur. However, there are other macromolecules in SF not 
discussed in this work such as glycoproteins and HA. As it has been shown here that the adsorbed 
film is strongly correlated with the lubricating film, it is suggested adsorption experiments could be 
used to compare the properties of proposed model synovial fluids and synovial fluid as part of a 
screening process, allowing selection of other macromolecules to be included in model fluids. The 
advantage of QCM as a technique to measure adsorption in this context is that adsorption can be 
measured on a range of surfaces, including the non-transparent UHMWPE [19].  
Finally, the proteins used here are all derived from bovine serum. Yet there are some structural 
differences between human and bovine proteins which can affect adsorption [148]. Whilst the ideal 
fluid would use human proteins, the cost associated with this on the large scale is prohibitive. Whilst 
there are a number of studies comparing synovial fluid and BCS or isolated proteins [11,299,311], 
comparing the tribology of model synovial fluids prepared to the same specification with human or 
bovine serum proteins has not been conducted. This would be beneficial in justifying the use of 
bovine proteins. 
7.8 Conclusions 
In this chapter the original contribution to knowledge of this work was discussed. The aim of this 
thesis was to investigate the boundary lubrication mechanisms of model synovial fluids, by comparing 
both static and dynamic measurements. A strong relationship between the properties of statically 
adsorbed and lubricating films formed under shear and load has been demonstrated in this work. In 
this chapter the reasons for this relationship, and the implications for boundary lubrication were 
explored. Based on the findings of this work and the current understanding in the literature, 
recommendations have been made for the formulation of an improved model synovial fluid suitable for 
simulator testing. A suggested formulation based on these recommendations to represent OA fluid is: 
 75 % alpha calf serum 
 25 % buffer to control ionic strength  at 154 mM and pH at 7.4 
 Additional 3 mg/ml γ-globulins 
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8 Conclusions and suggestions for future work 
8.1 Introduction 
The main aim of this thesis was to study the boundary lubrication mechanisms of SF lipids and 
proteins with the ultimate goal of contributing to a better understanding of the SF lubrication of 
artificial joints. The experimental programme combined the use of static and dynamic test conditions 
in an attempt to reconcile the adsorption and lubrication properties of different SF species. 
The starting point of this research was to examine the properties of adsorbed films formed from model 
SFs under static conditions. This was achieved using QCM and fluorescence microscopy. These 
complimentary techniques allowed both the viscoelastic properties and the spatial distribution of the 
films to be studied. Significant effects of pH and the surface interactions were observed using the 
QCM, whilst sequential adsorption experiments highlighted competition between proteins and lipids 
during adsorption. Fluorescence measurements allowed the composition of adsorbed films formed 
from mixed solutions to be determined. This confirmed the conclusions from QCM that the relative 
content of adsorbed films is dependent on solution pH. 
Using the same model fluids tested under static conditions the lubricating films formed under rolling 
were investigated. Testing under shear and load resulted in the formation of films much thicker, and 
less uniform than those observed under static conditions. These films were also significantly 
influenced by the model SF content and pH. A strong correlation was shown between the adsorbed 
layer properties and the measured film thickness.  The relative concentrations of the SF species were 
shown to be particularly important to the formation of the lubricating films. 
Finally the tribology of cutting edge artificial cartilage materials was investigated. Hydrogels were 
formed from silk fibroin, with consideration of design parameters on both mechanical and tribological 
performance. These hydrogels, replicated the biphasic lubrication of cartilage, which dominates the 
lubrication performance. To be consistent with the preceding work, the boundary lubrication of the 
hydrogels was investigated using the same model SFs. The model fluids increased friction in the 
boundary lubrication regime when compared with Tris Saline buffer, but not to a statistically significant 
level. Similarly no statistically significant change was observed in the level of wear with all hydrogels 
samples showing very low wear. The thick boundary lubricating films observed for the CoCrMo 
samples did not form on the hydrogels. 
8.2 Adsorbed films formed from model synovial fluids 
Using the complimentary techniques of QCM and fluorescence microscopy the properties of adsorbed 
films formed from model synovial fluids were investigated. Initial work considered the impact of the 
buffers solution on protein adsorption. For the model protein albumin the kinetics of adsorption 
changed with buffer choice. pH in particular changed both the rate and mechanism of adsorption, 
whilst the rate of adsorption slowed with increasing ionic strength. Once the adsorbed layers had 
reached equilibrium they had very similar mass and viscoelastic properties.  As prosthetic joint 
systems are dynamic with cycles times of around 1 Hz, the kinetics of adsorption will impact the 
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process of film formation. A model synovial fluid should use a buffer which matches the pH and ionic 
strength of synovial fluid to reproduce the adsorption kinetics. For healthy and diseased fluids, where 
the pH changes the use of two model fluids should be considered.  
Comparing the SF proteins, globulin forms thicker, and more rigid adsorbed layers than albumin. 
Globulin films are more resistant to compression and shear, and so have a greater load carrying 
capacity.  However, globulin is also more strongly affected by pH when adsorbing on silica with 
approximately 50% less protein adsorbed at pH 8.1. For both proteins the mass reduction measured 
with QCM was less than the reduction in protein as measured by fluorescence. This indicated the 
protein layers were more hydrated at the higher pH, which causes an increase in the viscoelastic 
nature of the adsorbed film, and a reduction in the load carrying ability. 
The two synovial fluid lipids DPPC and POPC tested formed different adsorbed structures with DPPC 
forming a single vesicular layer and POPC a lipid bilayer. Both POPC and DPPC will adsorb as intact 
vesicles, with POPC vesicles starting to rupture at a critical coverage.  
Adsorbed layers formed from mixed solutions indicated non-specific competitive adsorption occurred 
between all the macromolecules. On silica, the ratio albumin:globulin as well as the total mass in a 
mixed layer is affected by the pH of the solution. When lipid vesicles are incorporated into the solution 
they will simultaneously adsorb with the proteins, but the viscoelastic properties are still dominated by 
the protein content of the adsorbed film. Sequential adsorption confirmed previously published results 
that continuous lipid structures were resistant to protein adsorption [206]. 
On silica and chromium both the kinetics of adsorption and the final adsorbed layers were different. 
The adsorbed protein layers on chromium had a lower mass and were more rigid, indicating that 
lower levels of water were incorporated in the adsorbed layer. The change in adsorption behaviour 
with pH was less significant for chromium, but also opposite in effect to silica with slightly more protein 
adsorbing for solutions of a single protein. As protein adsorption is quite different on silica and 
chromium care must be taken when using silica as a model surface.  
2D imaging of adsorbed films demonstrated that all macromolecules formed homogenous layers at 
the macroscale i.e > 10 µm. Sequential adsorption did not support a previously suggested protein 
structure of globulin layers overlayed with albumin [156], as globulin inhibits albumin adsorption. 
Where lipid vesicles were included in the bulk solution they adsorbed as individual vesicles and did 
not form a continuous structure.  
8.3 Lubricating Films formed from model synovial fluids under loading and shear 
Comparisons of the film thickness and structure of the lubricating film show the change in buffer pH 
from healthy at pH 7.4 to diseased at pH 8.1 will affect protein lubrication of artificial joint materials by 
reducing the thickness of the lubricating film. For model synovial fluids the buffer chemistry does not 
seems to alter the mechanism of protein lubrication significantly.  
Statically adsorbed films measured under load are thinner than predicted from QCM measurements.  
This is due to the hydrated ions and water being squeezed out of viscoelastic adsorbed layers. Under 
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rolling, lubricating films form which are much thicker than statically adsorbed layers. These deposited 
layers consist of protein aggregates, which form at the contact inlet. The deposited layers are 
removed and replenished during rolling, indicating they are not strongly attached to the test surfaces.  
Of the two proteins albumin and globulin, globulin forms much thicker deposited layers. This is 
associated with improved wear protection [21,86]. When the proteins are combined, the thickness of 
the aggregated layers is reduced. Sequential testing of the two protein solutions show preadsorbed 
albumin does not stop thick layers forming but albumin in solution disrupts the formation of thick 
layers.   
The inclusion of lipid vesicles in the mixed protein solution allowed thick films to initially form until a 
critical thickness is reached. At the critical thickness, which corresponds to the vesicle diameter the 
film thickness was reduced dramatically. At the critical thickness lipid vesicles can enter the contact 
and lipids are adsorbed and deposited on the surface. This inhibits further adsorption of proteins.  As 
the vesicle diameter and hence critical thickness is controlled by the investigator, this result highlights 
the effect of sample preparation on test results. 
Comparing static adsorption results and measured film thickness a strong correlation was found with 
the adsorbed mass of protein (R=0.93) and the rate of protein adsorption (R=0.97). This indicates the 
properties of statically adsorbed films can be used to predict the effectiveness of the lubricating film 
formed under shear. 
8.4 Boundary Lubrication of silk fibroin hydrogels 
Silk fibroin hydrogels were successfully prepared with interconnected pore structure. The pore size 
can be controlled by control of the water fraction in the mixture before freezing. By increasing the silk 
concentration the stiffness of the hydrogels increases, but there is an optimum concentration of the 
crosslinker PEGDE. 
Hydrogels prepared here showed significant interstitial fluid support, both under static loading and 
during shear. The frictional response of the hydrogels was dominated by this interstitial fluid support, 
giving a cartilage like response.  Decreasing the pore size, and hence increasing the stiffness 
improved the level of fluid support. 
Very little wear was observed for all hydrogels, despite friction increases of 100%. The initial stages of 
wear appeared to be changes in the surface morphology. The magnitude of these changes did not 
correlate with the equilibrium friction coefficient, showing that wear and friction should both be 
measured to assess the tribological performance of hydrogels.  
For these hydrogels, reducing pore size improves both the frictional response and the mechanical 
stiffness although it should be stressed that this is material specific. Whilst pore size could be reduced 
further to improve friction, it is limited by the requirements of cartilage scaffolds to have pore sizes 
suitable for cell growth. 
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The role of SF macromolecules in the boundary lubrication of silk scaffolds is not clear. Unlike 
CoCrMo no thick aggregated films formed, despite SF macromolecules being known to adsorb on silk 
fibroin. Testing in the full range of model synovial fluids showed that SF proteins and lipids slightly 
increase friction, and have no statistically significant effect on friction or wear of the silk scaffolds. 
Possible reasons for this surprising result have been discussed.  
8.5 Boundary Lubrication mechanisms of model SFs 
No evidence was found here to support lubrication by continuous lipid structures in model synovial 
fluids. Thick aggregated films, primarily formed of proteins were observed consistent with those 
reported by Myant et al. [86]. On drying these films were examined using Raman spectroscopy but did 
not demonstrate a graphitic signature [18]. 
The films formed under shear were strongly correlated with the kinetics of adsorption and properties 
of the adsorbed films. These properties are in turn dependent on the process of competitive 
adsorption, which is affected by surface properties, pH and relative macromolecule concentrations. 
Thinner films were more hydrated, consistent with separate reports of low friction for thin films [120] 
and low friction for hydrated protein films [17,20,76]. Thicker films are expected to improve wear 
protection as reported by [21]. 
The mechanism by which the thick films formed involved the aggregation of macromolecules at the 
contact inlet. Where the molecules are not confined due to fluid forces, reciprocating motion or 
permeable surfaces, film formation is unlikely to be successful. 
8.6 Recommendations for model synovial fluid composition 
The following recommendations are made for the composition of model synovial fluids 
 Ionic strength should be controlled at a physiological level 
 pH should be controlled 
 Both the total protein content and protein ratios should match SF 
 Model fluids should include a minimum concentration of 0.1 mg/ml lipids 
It is recommended that a suitable model OA fluid model is achieved by forming a solution of 
75% alpha calf serum, 25% buffer, and adding a 3 mg/ml γ-globulins. 
8.7 Future work 
Although this investigation addressed the lubrication mechanisms of proteins and lipids in model 
synovial fluids, synovial fluid lubrication is still far from being fully understood. The research that has 
been presented here highlights the complexity of the system and the importance of considering the 
interactions between fluid species and surfaces in future studies. Included here are suggestions for 
future work which will ultimately help to better understand SF lubrication mechanisms. This will 
improve predictions of the fluid behaviour, and so facilitate the design of the next generation of 
implants and cartilage scaffolds. 
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(i) The properties of the adsorbed film have been shown to be indicative of the film 
formed under rolling. The next logical step is to test whether this relationship would 
hold for more complex fluids and other implant materials. If so a simple screening test 
for model synovial fluids, based on the relatively inexpensive technique of QCM could 
be developed.   
(ii) The properties of adsorbed films were shown here to be different on silica and 
chromium surfaces despite similarities in hydrophilic and surface charge. Expanding 
the range of surfaces to include UHMWPE, ceramics and scaffold materials would 
allow a fuller picture of the adsorbed films to be developed. Whilst published works do 
consider adsorption on UHMWPE [19], no works have used the same selection of 
model synovial fluids which is necessary for a fair comparison of the surface effects.  
(iii) The 2D distribution of SF species was here shown to be uniform when formed under 
static conditions. It would be interesting to observe how the adsorbed film distribution 
changes under shear and load. Development of a system such as that employed by 
[15,156] is needed to achieve this. 
(iv) Film thickness measurements here have been made under rolling in a continuous 
direction. Changing the slide roll ratio or conducting reciprocating cycles would 
increase the shear stress on the adsorbed films, and more closely replicate the 
motion in hip joints.  
(v) As with adsorption measurements, extending film thickness measurements to cover a 
wider range of materials would build a fuller picture of model SF lubrication. As 
UHMWPE and scaffold materials are not reflective, other measurement methods 
would be necessary. One potential method may be film thickness mapping using 
laser induced fluorescence [312]. 
(vi) Cartilage scaffolds that demonstrate interstitial fluid load support have been 
developed. The lubrication of these scaffolds is dominated by the interstitial fluid flow. 
Improving the scaffold design to enhance the lubrication mechanism would therefore 
be beneficial, possibly by creating a pore size gradient, or developing scaffolds with 
tension-compression anisotropy. 
(vii) The wear of cartilage scaffold materials under tribological conditions is not well 
studied, and as has been shown here does not necessarily correlate with friction 
measurements. A contributing difficulty is quantifying the amount of wear. 
Development of an accurate and reliable way to measure wear of these materials 
would contribute to our understanding of their performance, and improve the design 
process. 
(viii) Further work to compare the recommended formulation for a model synovial fluid 
given here and the performance of human synovial fluid is needed. Questions that 
were not addressed such as the use of microbial inhibitors or the difference between 
human and bovine proteins should be included as part of this study.  
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